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Antibiotics 


Antibiotics probably represent the great- 
est single contribution of drug therapy in 
the past half-century, a period character- 
ized by unprecedented advancements in 
health care. This group of drugs provides 
effective control of many human microbial 
pathogens that previously caused pro- 
longed incapacitation or death without ap- 
preciable regard for age, economic status, 
or physical fitness. 

The word "antibiotic" is derived from 
the term antibiosis, which literally means 
"against life" (anti — against, bios — life). A 
measure of the significant and spectacular 
contribution of antibiotics to therapy is in- 
dicated by the common inclusion of the 
word in the layman's vocabulary. Most 
people have an accurate, or at least a func- 
tional, general concept of the word, but 
workers intimately involved in the anti- 
biotic field find considerable difficulty in 
drafting a precise definition. The varied sci- 
entific concepts of this word reflect the 
viewpoints of scientific specialists, a rap- 
idly expanding field of knowledge about 
all aspects of antibiotics and their appli- 
cations, and such factors as a recognition 
of the lack of definitive separation for con- 
ditions previously considered etiologically 
distinct (e.g., certain neoplastic conditions 
and viral infections). 

The most widely accepted concept de- 
fines an antibiotic as a chemical substance 
produced by a microorganism that has the 
capacity, in low concentration, to inhibit 


selectively or even to destroy bacteria and 
other microorganisms through an antimet- 
abolic mechanism. Essentially all defini- 
tions limit antibiotics to biologic constitu- 
ents that exert their action in low 
concentrations. This definition excludes 
microbial metabolites, such as ethanol, that 
are active against protoplasmic functions 
at higher concentrations. The definition of 
the term may be expanded by including 
higher plants as a source and tumors as a 
site of action. The concept of antibiotics as 
used by health-care professionals, exclu- 
sive of some individuals practicing in ex- 
perimental clinics and hospitals, is limited 
for practical purposes to commercially 
available substances. Fortunately, this re- 
duces confusion resulting from special re- 
search objectives or "antibiotics" that are 
too toxic for feasible therapy. A logical case 
can be made for including the antiplas- 
modial activity of quinine under an anti- 
biotic designation, but the arbitrary exclu- 
sion of quinine from most antibiotic 
concepts has caused little confusion for the 
practitioner. The selective action of some 
naturally occurring compounds on the ab- 
normal metabolism and cells of neoplasms 
may create greater problems in the future. 
Practitioners must maintain a flexible ap- 
proach toward the scope of antibiotics to 
accommodate the applications of scientific 
advances. 

DEVELOPMENTAL HISTORY 

The history and development of anti- 
biotics as therapeutic agents are similar to 
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the patterns noted for other types of drugs. 
Relatively ineffective attempts to use ma- 
terials that are now recognized as having 
antibiotic associations can be detected in 
folk medicine and in prepenicillin scientific 
literature. Development in the antibiotic 
field since 1940 is characterized by a prac- 
tical blending of empiric observation and 
increasingly sophisticated manipulations 
of biologic and chemical factors. This fa- 
miliar pattern is frequently overlooked be- 
cause an aura of 20th-century miracle 
drugs has surrounded the antibiotics. 

Reports, some dating back 2500 years, 
indicate that various ancient and primitive 
peoples applied moldy bread, soybean 
curds, and other materials to boils and 
wounds liable to infection; this can be con- 
sidered a folk-medicine type of antibiotic 
therapy. Pasteur demonstrated bacterial 
antagonism shortly after he established the 
bacterial etiology of infectious disease. 
During the 1880s, attempts were made to 
utilize antagonism to achieve an ecologic 
control of the human microbial flora by in- 
troducing selected nonpathogenic orga- 
nisms. Pyocyanase, a crude mixture of me- 
tabolites extracted from Pseudomonas 
aeruginosa, became available around the 
turn of the century and could be consid- 
ered the first commercial antibiotic. Pyo- 
cyanase, at best, was a poor antibiotic by 
modern standards, but its failure to achieve 
wide acceptance as a therapeutic agent can 
be related, in part, to the variable compo- 
sition of the crude mixture and the result- 
ant lack of reproducible or predictable ther- 
apeutic responses. 

Establishment of the therapeutic feasi- 
bility of penicillin antagonism in the early 
1940s stimulated the intensive efforts that 
have culminated in the high level of current 
antibiotic development. Numerous ap- 
proaches to the production and use of an- 
tibiotics have been used concurrently in the 
past, and practical considerations of bio- 
logic, chemical, and economic factors will 
undoubtedly dictate a similar situation in 
the predictable future. 


The progressive trend in the logistic as- 
pects of antibiotic development can be il- 
lustrated by the following sequence of ob- 
jectives: (1) Screen diverse sources of 
microorganisms for detection of useful an- 
tagonism. (2) Select improved microbial 
mutants, determine optimal environmen- 
tal and nutritional conditions, and develop 
suitable procedures for recovering anti- 
biotics from cultures. (3) Direct or induce 
the formation of specific, desired metabo- 
lites. (4) Modify the fermentative metabo- 
lites by biologic or chemical manipulations 
to yield more useful antibiotic substances. 
(5) Develop procedures for total synthesis 
of antibiotics for possible economic advan- 
tage. (6) Use an adjunct agent to modify 
the availability or impact of an antibiotic. 

Initially, antibiotic therapy was com- 
monly employed in a .wide range of micro- 
bial infections with only limited logic or 
design. However, with the accumulation 
of experience and the availability of a 
greater variety of antibiotics, the trend has 
moved toward a more precise diagnosis of 
the pathologic organism, including a con- 
sideration of sensitivity variations with cer- 
tain pathogens, and a more conservative 
use of these valuable therapeutic agents. 

Production of commercial quantities of 
the various antibiotics involves many dif- 
ferent approaches and procedures to ac- 
commodate the individual biologic idio- 
syncrasies of the producing organisms and 
the chemical characteristics of the individ- 
ual antibiotics. A detailed consideration of 
antibiotic production is obviously a subject 
for specialized study Fortunately, the 
health-science practitioner o$ly needs a 
general knowledge of the production pro- 
cedures and of the significance of key ma- 
nipulations. This background provides a 
basis for understanding the scientific limits 
and economic comppnents of these thera- 
peutic agents and for comprehending read- 
ily the types of research developments that 
will lead to future, advances and change. 

v , :i > " • 

SCREENING FOR ANTIBIOTICS 

In searching for new antibiotics, rela- 
tively simple and rapid l methods have been 
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developed for screening microorganisms 
for antibiotic-producing ability. Soil sam- 
ples are commonly employed in the screen 
because they are a rich source of antibiotic- 
producing organisms (Fig. 12-1). Most of 
these organisms are members of a group 
of branching, procaryotic microorganisms 
that occupy a position in their morphologic 
characteristics between fungi and bacteria. 
They are placed in the taxonomic order Ac- 
tinomycetales and are given the common 
name actinomycetes. A compilation of the 
microbial sources of antibiotics discovered 
in the United States and Japan between 
1953 and 1970 reveals that approximately 
85% are produced by actinomycetes, 11% 
by fungi, and 4% by bacteria. These facts 
do not detract from the significance of an- 
tibiotics from other organisms and sources, 
but they do suggest a greater probability 
tor the discovery of new useful antibiotics 
from soil microorganisms. The antibiotics 
currently used in therapy are produced by 
surprisingly few groups of distantly related 
organisms. The important genera and their 
taxonomic relations are as follows: 

Phylum Schizomycophyta 
Class Schizomy^etes 

Order Eubacteriales (bacteria) 
Family f^cillaceae 


Genus Bacillus 

Order Actinomycetales (actino- 
mycetes) 

Family Streptomycetaceae 
Genus Micromonospora 
Genus Streptomyccs 
Phylum Eumycophyta (fungi) 

Class Ascomycetes 

Order Aspergillales 
Family Aspergillaceae 
Genus Penicillium 

Form-Class Deuteromycetes (Fungi 
Imperfecti) 

Form-Order Moniliales 
Form-Family Moniliaceae 
Form-Genus Cephalosporium 

A general method for screening first in- 
volves treating the soil sample with chem- 
icals that inhibit the growth of interfering 
bacteria and fungi but do not affect acti- 
nomycetes. Cycloheximide is an antifungal 
antibiotic often employed for this purpose, 
and a 1:140 dilution of phenol is used as 
an antibacterial agent. Varying dilutions of 
the treated soil sample are streaked on agar 
plates containing medium that supports 
the growth of actinomycetes. After incu- 
bation for 3 to 7 days at 25 to 30° C, the 
plates are examined for characteristic col- 
onies of actinomycetes. These colonies are 



Fig 12-1 samples fr*m various parts of the world and agar plates showing colonies of soil flora. (Photo 

courtesv of tes Lilly k C» ) 
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then selectively transferred onto fresh me- 
dium. Giant colonies of the selected orga- 
nisms are grown, and plugs are cut frorm 
the colonies that include not only the or- 
ganism but also the underlying agar. If the 
organism produces an antibiotic, it should 
diffuse into the agar medium. The plugs 
are placed on an agar plate that has been 
seeded with a test organism that gives an 
indication of the potential usefulness of the 
antibiotic. For example, activity against 
gram-positive bacteria can be determined 
with Staphylococcus aureus or Bacillus sub- 
tilis, activity against gram-negative bacteria 
with Escherichia coli or Salmonella typhi, and 
antifungal activity with Neurospora crassa. 
The test plates are incubated under con- 
ditions appropriate for maximum growth 
of the test organism, and if after incubation 
there is a clear zone around the plug of the 
actinomycete, it can be assumed that an 
antibiotic in the plug inhibited the growth 
of the test organism (Fig. 12-2). 

The next step in the screening procedure 
is to determine whether the chemical sub- 
stance that produced the inhibition is a 
new antibiotic or a known compound. A 
rapid method that has been developed for 
this determination is termed bioautogra- 
phy. This assay employs paper chromatog- 
raphy or thin-layer chromatography and a 
biologic assay. An extract containing the 
newly discovered antibiotic is chromato- 
graphed along with reference, known an- 
tibiotics using several different solvent sys- 
tems. Because each antibiotic would 
possess a characteristic mobility on the 
chromatogram in a given solvent system, 
a comparison of the mobilities of the un- 
known antibiotic w r ith those of known an- 
tibiotics in several solvent systems would 
indicate whether the newly discovered an- 
tibiotic was a known compound. The de- 
tection of the antibiotics on the developed 
chromatogram using chemical detection 
methods is difficult because the antibiotics 
are widely diverse chemically; conse- 
quently, a biologic method is used to detect 
the antibiotics. By placing the developed 



Fig. 12-2. A method for the detection of antibiotic- 
producing organisms: a, giant colonies growing on an 
agar plate; i giant colonies with plugs removed; c, 
plugs from giant colonies showing zones of inhibition 
(clear zone around plug) on test plate seeded with 
Staphylococcus aureus, indicating antibiotic activity 
against gram-positive bacteria; d, plugs on test plate 
seeded with Escherichia coli showing fewer zones of 
inhibition, indicating little antibiotic activity against 
gram-negative bacilli. (Photo courtesy of Eli Lillv & 
Co.) 

chromatogram on an agar medium that has 
been seeded with an appropriate test or- 
ganism, the antibiotics diffuse from the 
chromatogram into the agar, and after in- 
cubation, clear zones on the agar owing to 
inhibition of growth of the test organism 
indicate the position of the antibiotics on 
the chromatogram (Fig. 12-3). 

After it is established that a microorga- 
nism has been isolated that produces a new 7 
antibiotic, quantitative assays must be em- 
ployed to monitor the antibiotic titer 
through the various processes of produc- 
tion and isolation. The 2 most commonly 
employed assays, the turbidimetric (tube 
dilution) assay and the plate (agar diffu- 
sion) assay, require the use of a test or- 
ganism as in bioautography. In the turbi- 
dimetric assay, the test organism is grown 
in test tubes that contain different concen- 
trations of the antibiotic. There is a direct 
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Fig- 12-3. A bioautograph with Bacillus subtilis as the 
test organism. The zones of inhibition indicate the 
following antibiotics were separated on the paper 
chromatogram: a, cephalexin; b, cephaioridine; c, des- 
acetylcephalothin; d, cephalothin. (Photo courtesy of 
Eli Lilly & Co.) 

relationship of the concentration of anti- 
biotic to the growth of the test organism, 
and by measuring the growth of the or- 
ganism, which is indicated by the turbidity 
of the contents of the test tube, the anti- 
biotic titer can be determined. Clear tubes 
indicate a higher antibiotic concentration 
than turbid tubes, and the lowest concen- 
tration of antibiotic that completely pre- 
vents the appearance of turbidity is known 
as the minimum inhibitory concentration 
(MIC) (Fig. 12-4). . 

In the plate assay, filter paper discs are 
impregnated with solutions of antibiotic of 
varying concentrations, allowed to dry, 
placed on agar media seeded with an ap- 
propriate test organism, and incubated. As 
the concentration of the antibiotic in- 
creases, its diffusion through the agar me- 
dium increases; therefore, the size of the 


clear zone of growth inhibition around the 
filter paper disc is related to the concen- 
tration of antibiotic (Fig. 12-5). 

COMMERCIAL PRODUCTION 

When a new antibiotic has been discov- 
ered, investigations into the chemical, 
physical, and biologic properties of the an- 
tibiotic are required before the decision to 
produce the antibiotic commercially can be 
made. Two important requirements for 
production are: (1) the organism must pro- 
duce the antibiotic in submerged culture as 
opposed to surface culture, and (2) the or- 
ganism must excrete the antibiotic into the 
culture medium. However, some antibiot- 
ics, such as those of the polyene group, are 
retained in the cells of the organism and 
require special extraction procedures for 
recovery. These requirements are impor- 
tant considerations in production costs 
which, in turn, determine whether the an- 
tibiotic can compete with other antibiotics 
for a portion of the market. Other consid- 
erations are chemical stability, the mini- 
mum inhibitory concentration against 
strains of pathogenic organisms, toxic 
manifestations in mammals, and activity in 
vivo. 

The commercial production of antibiotics 
is an excellent example of the benefits that 
can be achieved from a multidisciplinary 
approach to solving a technologic problem. 
One must be impressed when one thinks, 
on the one hand, of an obscure microor- 
ganism growing in soil and, on the other 
hand, of the product of that microorgan- 
ism — a pure crystalline chemical substance 
used to save a human life. The transition 
from one to the other has required the most 
diligent application of the sciences of mi- 
crobiology, chemistry, and engineering. 

Commercial fermentative production of 
an antibiotic almost always involves 
growth of the producing organism in aer- 
ated tanks holding thousands of gallons of 
nutrient medium. Spores or occasionally 
vegetative growth from a stock culture of 
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„ TUrb ‘t' melnC aS5 7- lubes w,th Curve illustrating the relationship of increasing percent of heht 
transrnntance on the y axrs and increasing concentration of antibiotic on the , axis. (Photo courtesv of Bi LHly 


the organism is used to start (he fermen- 
tation process. It is important to maintain 
stock cultures (e . g . , by lyophilization) that 
require transfer as infrequently as possible 
because repeated transfer may select for 
those cells of the organism that are poor 
producers of antibiotic (Fig. 12-6). The sev- 
eral hundred gallons of vegetative growth 
that are necessary for inoculating the large 
fermentation tanks are obtained by succes- 
sively transferring the organism to increas- 
ingly larger volumes of nutrient (Fig. 12- 
7). The use of a large standard inoculum 
reduces the incubation time required for 
production of the antibiotic, lessens the 
chance for costly contamination by foreign 
microorganisms, and provides the best 
possible opportunity for control of subtle 
environmental and nutritional factors that 
influence the antibiotic yield. 

In the production of antibiotics there are 


often distinct phases in the fermentative 
process. These phases can be divided into 
the growth phase of the organism, which 
is also termed the trophophase, and the 
antibiotic production phase, also termed 
the tdiophase. Figure 12-8 illustrates these 
phases in the course of a typical penicillin 
fermentation carried out in a culture me- 
dium containing glucose and lactose as the 
sources of carbon nutrition, corn steep li- 
quor for nitrogen sources, and phosphate 
buffer. During the growth phase, the cul- 
ture becomes thick owing to the formation 
of aggregates of fungal cells called myce- 
lium. Growth is indicated in the figure by 
the curve showing an increase in mycelial 
nitrogen and lasts from the beginning of 
the culture period to approximately 1 day 
later (0 to 24 hours). During the growth 
phase, glucose rather than lactose is pref- 
erentially utilized because it can be used 
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Fig. 12-5. A microbiologic assay plate showing 
zones of inhibition of varying size owing to different 
concentrations of antibiotic on the filter paper discs. 
The disc on the right contains the greatest concentra- 
tion of antibiotic. (Photo courtesy of Eli Lilly &: Co.) 

directly as a source of carbon. In the 
growth process, ammonia is liberated by 
deamination of amino acids of the corn 
steep liquor. This liberation raises the pH 
of the medium to 7, the optimum pH for 
penicillin stability, and buffers in the me- 
dium maintain the pH close to neutrality. 

Penicillin production increases rapidly 
between 24 to 80 hours. At the start of the 
antibiotic production phase, glucose has 
been used up, and the fungus then uses 
lactose for a carbon source. Little additional 
growth occurs because the lactose cannot 
be utilized until it is hydrolyzed to glucose 
and galactose. The decreased availability of 
a carbon source is thought to be the trig- 
gering mechanism for penicillin produc- 
tion. 


INCREASING COMMERCIAL YIELO 

Considerable effort is devoted to deter- 
mining the optimal environmental and nu- 
tritional conditions for antibiotic produc- 
tion. Optimal conditions for antibiotic 
formation are frequently quite different 
from those for maximum vegetative 


growth. Factors that are often observed to 
have qualitative or quantitative importance 
for antibiotic production include sources of 
nutritional carbon and nitrogen, ratio of 
carbon/nitrogen nutrients, mineral com- 
position of medium, incubation tempera- 
ture, initial pH and control of pH during 
the fermentation period, rate and method 
of aeration, and addition and timing of ad- 
dition of special growth- and antibiotic- 
promoting substances. Selection of optimal 
fermentation conditions is usually based 
on empiric observations, but careful atten- 
tion to such factors is often critical. For ex- 
ample, some strains of Bacillus subtilis pro- 
duce optimal yields of bacitracin when the 
C/N ratio is about 15; at lower ratios the 
yield is less, and when the ratio is reduced 
to approximately 6, licheniformin, a related 
but commercially undesired antibiotic, is 
produced. 

The practical benefit of adding special 
chemicals to the fermentation cultures has 
probably achieved only a small fraction of 
its ultimate potential, but some examples 
will show the practical utility of this general 
approach. It was observed at a fairly early 
stage in the development of penicillin pro- 
duction that the addition of phenylacetam- 
ide.or related compounds to the culture 
medium had a minor beneficial effect on 
the yield of penicillin substances and had 
a major influence on the composition of the 
penicillin mixture. The presence of phen- 
ylacetic acid derivatives in the nutrient 
mixture favored the formation of penicillin 
G; this reduced the problems of using a 
mixture of unknown or variable composi- 
tion and the cost of separating the individ- 
ual antibiotic substances. Use of various 
acyl moieties to direct the fermentative for- 
mation of other penicillins (e.g., penicillin 
V) achieved limited commercial success, 
but semisynthetic techniques have 
superseded this approach to the produc- 
tion of specialized penicillins. 

The use of mercaptothiazole in cultures 
of Streptomyces aureofaciens emphasizes that 
additives can be beneficial without being 
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Fig. 12-6. In stock culture maintenance, the lyophilized cultures of antibiotic-producing organisms are pre- 
served in small, sealed, glass tubes. The freeze-dried pellets in the small glass tubes will be used to start 
antibiotic production. (Photo courtesy of Eli Lilly & Co.) 


Stock Culture 

i 

Liquid Medium Cultures 
(in one-liter flasks) 

| Several flasks 

Bazooka (a special device 
used to transfer aseptically 
into fermentation tanks) 

i 

Inoculum Tank (also called 
Seed Tank or Bump Tank) 

1 

Production Tank (usually lOx 
the volume of Inoculum Tank — 
some tanks are as large 100,000 
gallons and six stories high) 

Fig. 12-7. The scale-up procedure in the commercial 
production of antibiotics. 

incorporated into the antibiotic molecule. 
Strains of this actinomycete usually pro- 
duce both chlortetracycline and tetracy- 
cline; the proportions depend to some de- 
gree on the availability of chloride ion in 
the culture medium. Tetracycline has the 
greater therapeutic utility, but the resolu- 
tion of mixtures of these 2 tetracyclines is 
costly. Because the organism tends to be a 
chloride scavenger and because chloride 
ion is one of the most difficult ions to ex- 


clude quantitatively from water and nu- 
trients, control of the presence of this ion 
in the nutrient medium to favor the pro- 
duction of tetracycline is not commercially 
feasible. However, the addition to the fer- 
mentation mixture of mercaptothiazole or 
any other compound that presumably in- 
hibits chlorination favors tetracycline pro- 
duction. 

Some additives may increase antibiotic 
production through an enzyme induction 
effect. For example, the addition of methi- 
onine to a cephalosporin C fermentation 
during the trophophase stimulates the pro- 
duction of the antibiotic. Because methio- 
nine does not serve as a biosynthetic pre- 
cursor to the antibiotic, as compared to the 
role of phenylacetic acid in penicillin G bio- 
synthesis, it is assumed that methionine 
stimulates the production of the cephalo- 
sporin C biosynthetic enzymes. 

Conversely, it has been demonstrated 
that in penicillin fermentation, lysine in the 
culture medium inhibits antibiotic produc- 
tion. Penicillin and lysine are end products 
of a branched biosynthetic pathway in 
which a-aminoadipic add is a common 
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Fig. 12-8. Chemical changes, mycelial growth, and penicillin production in a typical penicillin fermentation. 
(Reprinted with permission from Brown and Petersen, 1950. Industrial and Engineering Chemistry, 42:1769- 
1774. Copyright by the American Chemical Society.) 


precursor. Lysine production is regulated 
either by inhibition or repression of the 
enzymes required for the production of 
a-aminoadipic acid, which ultimately re- 
sults in a decrease in penicillin formation. 

sugar ^ -^penicillin 

^ *. > a-arj'iinoadipic ^ 

NH, lysine 

t l 

I Feedback Inhibition or | 

~ Repression 

Another important approach to increas- 
ing the yield of antibiotic is mutation and 
strain selection. Mutation induced by ex- 
posing the parent strain to ultraviolet light, 
x rays, or various mutagenic chemicals, 
such as nitrogen mustards and analogs of 
purines and pyrimidines, is the major ap- 
proach for selecting improved strains, but 
a search of natural sources for new wild- 
type or different species that produce the 
antibiotic in higher yield than the original 
producing organism is also employed. In 
the case of induced mutations, lethal levels 
of the mutagen are adjusted so that ap- 
proximately 90 to 99% of the cells of the 
organism are killed. Mutants that produce 


a higher yield of antibiotic are selected from 
the surviving cells. Penicillin production 
offers a good illustration of the potential 
success of these approaches. Penicillin an- 
tagonism was observed originally with a 
culture of Penicillium notatum Westling, 
which produced in surface culture 4 mg of 
penicillin per liter of culture medium. No 
mutants of P. notatum were found in the 
early selection process that would give a 
satisfactory yield of penicillin in sub- 
merged fermentation; however, in 1944, 
through natural selection, a strain of P. 
chrysogenum Thom was discovered that 
yielded penicillin in the amount of 40 mg 
per liter. Subsequently, by utilizing pro- 
cedures of mutation and strain selection, 
the yield has been increased to 21,000 mg 
per liter. 

RECOVERY AND ISOLATION 

Most of the commercially important an- 
tibiotics are excreted readily into the nu- 
trient medium where they accumulate. In 
cases such as certain of the peptide anti- 
biotics, in which the antibiotic is retained 
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endocpllularly until the cells reach an ad- 
vanced physiologic age, the fermentation 
period is terminated when most of the cell 
mernbranes have undergone lysis or have 
lost their selective retention property. 
ThuJ, isolation of antibiotic substances is 
basically recovery 7 from the culture broth. 
The fundamental approaches that are usu- 
ally considered are selective precipitation, 
selective adsorption, or selective extraction 
with an immiscible solvent. The chemical 
characteristics of various antibiotics and 
their accompanying metabolites govern the 
manipulations that will be effective in any 
given situation. Ideally, the initial isolation 
procedure should be as efficient and selec- 
tive as possible to give the best yield and 
to facilitate Subsequent purification, but 
economic considerations commonly dictate 
a compromise procedure. 

Precipitation is theoretically one of the 
best ways to recover a substance from a 
large volume of an aqueous mixture, but 
this approach has not proved commercially 
satisfactory for any of the therapeutically 
important antibiotics. The most nearly fea- 
sible application of this approach probably 
involves polymyxin. Polymyxin forms an 
insoluble helianthate complex when he- 
lianthine (methyl orange) is added to the 
culture broth, but this antibiotic can be re- 
covered more economically by using an ad- 
sorption procedure. Lack of selectivity and 
recoverability from the precipitated com- 
plex is the most commonly cited technical 
disadvantage to the practical utility of this 
general method. 

Liquid-liquid extraction using some 
water-immiscible organic solvent is the ap- 
proach utilized for most antibiotics. This 
procedure lacks a high degree of selectivity 
with most solvents that are sufficiently in- 
expensive to be employed on a commercial 
scale. It is also relatively inefficient because 
antibiotic substances tend to be fairly polar 
molecules. However, the economic advan- 
tage of easy adaptation to a chemical en- 
gineering flow process more than offsets 
these limitations in most cases unless the 


antibiotic molecule is so polar that the par- 
tition coefficient favors the aqueous phase. 

Highly polar antibiotics, such as neo- 
mycin and other aminoglycoside antibiot- 
ics, are usually recovered from the culture 
broth by adsorption on some suitable ad- 
sorbent. Many adsorbents remove anti- 
biotics of this type from culture broths with 
varying degrees of selectivity. The major 
limitation to selecting adsorbents is the 
need to recover the antibiotics by reversing 
the adsorption process without using ex- 
treme conditions that would be destruc- 
tive. Use of charcoal of controlled activity 
grades and elution of the antibiotic with 
dilute acid is a typical example of this iso- 
lation approach. 

« Once the crude antibiotic has been re- 
covered from the nutrient broth, it is sub- 
jected to chromatography, recrystalliza- 
tion, or other standard manipulations to 
effect an appropriate degree of purifica- 
tion. It should be noted that attainment of 
chemical purity is usually considered im- 
practical and unnecessary for therapeutic 
purposes. Extraneous metabolites, such as 
foreign proteins that cause undesirable 
side effects, are routinely excluded during 
purification, but separation of closely re- 
lated antibiotic molecules is often unfeas- 
ible. Most fermentatively produced anti- 
biotics used in therapy are actually 
mixtures of closely related compounds 
with one of the metabolites constituting the 
majority of the mixture. This practical ap- 
proach permits reproducible therapeutic 
responses because a given antibiotic mole- 
cule always accounts for most of the mix- 
ture; it also provides the most economic 
materials for drug formulations because 
the inefficiency and expense of total sep- 
aration of similar chemical molecules, the 
relative concentrations of which are un- 
equal, can be avoided. The presence of up 
to 6% chlortetracycline in commercial tet- 
racycline represents a practical application 
of such purification considerations. Ac- 
cepted standards of purity for antibiotics 
and antibiotic preparations are controlled 
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by the United States Pharmacopeia. Qualita- 
tive and quantitative evaluations of anti- 
biotic preparations for adherence to estab- 
lished standards utilize both biologically 
and chemically based tests. Colorimetric 
and spectrophotometric approaches and 
definitive measurements have largely re- 
placed microbiologic assay and arbitrary 
units for quantitative purposes. However, 
biologic tests are still employed to detect 
the presence of pyrogens in parenteral an- 
tibiotic formulations. The objectives and 
approaches of most tests for evaluation of 
antibiotic preparations are not significantly 
different from those used to ensure the 
standards of other drugs. 

The one unusual aspect of evaluating an- 
tibiotics is associated with the need to guar- 
antee sterility in parenteral preparations. 
Masking of the presence of microbial con- 
taminants through bacteriostatic action of 
the antibiotic must be precluded. Three 
basic approaches can be used to eliminate 
the antibiotic masking of microbial contam- 
inants. Preparations containing antibiotics 
that are inactivated readily by biologic or 
chemical means may be subjected to the 
appropriate treatment before testing for 
sterility. Penicillinase inactivation of peni- 
cillin G and hydroxylamine hydrochloride 
inactivation of streptomycin illustrate this 
approach. Parenteral solutions of all anti- 
biotics, especially those containing the 
more stable ones, can be evaluated by di- 
luting the preparation such that the anti- 
biotic level is below the minimum thresh- 
old concentration for activity or by initially 
removing any microorganisms with a ster- 
ile Millipore filter in a manipulation that 
separates the organisms from the anti- 
biotic. 

MANIPULATIVE FORMULATIONS 

Effective use of many drug substances 
can be enhanced through various manip- 
ulations in pharmaceutic formulations. An- 
tibiotics are no exception. Three ap- 
proaches for the protection of labile 


antibiotic molecules, the use of insoluble 
derivatives to eliminate objectionable 
tastes and thus gain patient acceptance for 
certain oral formulations, and the use of 
either soluble or insoluble salts to facilitate 
the desired delivery of the therapeutic 
agent illustrate the practical utilization of 
manipulative formulations for various an- 
tibiotics. 

Buffers in oral penicillin G preparations 
reduce the destructive effect of gastric acid- 
ity, and enteric coatings of some oral eryth- 
romycin formulations protect the mac- 
rolactone ring of this antibiotic until it 
passes through the acidic environment of 
the stomach and into the small intestine 
where it is absorbed. Erythromycin esto- 
late (the dodecyl sulfate salt of the pro- 
pionyl ester) and triacetyloleandomycin 
are much more insoluble than the parent 
macrolide antibiotics. This property makes 
a dual contribution to oral suspensions of 
these antibiotic substances. The insolubil- 
ity helps to avoid the extremely bitter taste 
of these drugs and to protect them until 
they reach the lower intestine. 

The glucoheptonate and iactobionate 
salts of erythromycin are used to increase 
the solubility of the antibiotic sufficiently 
to permit intravenous administration. The 
relatively insoluble benzathine and pro- 
caine salts of some penicillins are used in- 
tramuscularly for repository effects. When 
benzathine penicillin G is used in oral sus- 
pensions, this insolubility characteristic 
contributes a stability factor. 

The use of an adjunct agent is another 
sophisticated approach to modifying the 
therapeutic availability or impact of an an- 
tibiotic. The classic example is probenecid, 
which inhibits the tubular excretion of pen- 
icillins. Concurrent administration of pen- 
icillins and probenecid is used to achieve 
prolonged blood levels of these antibiotics. 
Recent examples are the addition of cla- 
vulanic acid, a p-lactamase inhibitor with- 
out significant antibiotic activity per se, to 
a formulation of amoxicillin or ticarcillin; 
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the result of the combinations is an ex- 
panded therapeutic spectrum. 

THERAPY AND UNDERLYING 
BIOLOGIC FACTORS 

Various antibiotics are widely employed 
for the effective control of most serious in- 
fections, but prophylactic administration of 
antibiotics to individuals is rarely justified. 
Effective antibiotic therapy involves the 
correct diagnosis of the pathogen and the 
proper selection of an antibiotic. Diagnos- 
tic bacteriologic examination is usually a 
minimum basis for rational therapy. Excep- 
tions include diseases such as scarlet fever, 
typhoid fever, or other conditions charac- 
terized by clinical symptoms that are in- 
dicative of a specific microbial etiology. In- 
terim antibiotic therapy is usually initiated 
on a calculated judgment basis in acute 
cases of meningitis, pneumonia, urinary 
tract infections, and similar conditions 
with multiple possible causes pending bac- 
teriologic diagnosis; the therapeutic ap- 
proach is modified as necessary upon con- 
firmation of the causative organism. 

In order for the physician to exercise clin- 
ical judgment properly, he must have a 
knowledge of the bacteriologic statistics of 
infection, i.e., he must know what orga- 
nisms most often produce a certain tvpe of 
infection in particular areas of the body and 
in patients at a particular age. For example, 
in cases of bacterial meningitis in adults, 
the most common causative organisms are 
Neisseria meningitidis and Streptococcus pneu- 
moniae. In children under 10 years of age, 
Haemophilus influenzae is also a common 
causative agent; however, in infants less 
than 1 month of age, coliform bacteria such 
as species of Escherichia , Klebsiella , and En- 
terobacter are added to the list of common 
causative agents (Table 12-1). 

It should be emphasized, however, that 
rational antibiotic therapy depends first on 
isolating and identifying the pathogenic or- 
ganism from the focus of infection and then 
on determining the sensitivity of that strain 


or organism against properly selected an- 
tibiotics known to be potentially active 
against the organism. Antibiotics with an- 
tibacterial activity are often classified into 
2 broad categories on the basis of inhibiting 
predominantly gram-negative or gram- 
positive bacteria. Knowledge that a given 
antibiotic or group of antibiotics is char- 
acterized by a gram-negative or a gram- 
positive spectrum has some therapeutic 
utility, especially for selecting an antibiotic 
for initiating therapy in the absence of de- 
finitive bacteriologic data and for consid- 
ering alternate antibiotic approaches. 
When the pathogen is known or strongly 
suspected, selection of an effective anti- 
biotic can frequently be based on the 
knowledge that the spectrum of an anti- 
biotic includes a specific microorganism. 
However, judicious selection of an effec- 
tive antibiotic for control of Escherichia coli 
and many pathogenic species of Klebsiella , 
Proteus , Pseudomonas , and Staphylococcus 
necessitates individual determination of 
susceptibility because various strains of 
these pathogens have different antibiotic 
sensitivities. 

Many pathogens are susceptible to more 
than one commercially available antibiotic. 
The choice of antibiotic for any given ther- 
apeutic situation must be based on com- 
posite considerations of a number of fac- 
tors and is rarely unequivocal. Properties 
frequently cited for a clinically ideal anti- 
biotic include a complete freedom from 
acute and chronic toxicities; an optimal ac- 
tivity near pH 7 that is not influenced by 
serum, other body fluids, or pus; sufficient 
solubility in aqueous fluids to facilitate 
good distribution to all body tissues; chem- 
ical stability; efficient absorption following 
oral administration; no tendency to induce 
the development of resistant strains of 
pathogens; and a low expense factor. No 
known antibiotic possesses all of these 
ideal characteristics. The naturally occur- 
ring penicillins probably most nearly ap- 
proach many of these properties for ther- 
apeutic situations in which their spectrum 


Table 12-1. A Summary of Common Pathogens That Cause Infections 
Treatable with Antibiotics 


Pathogenic Organism 

Gram-positive cocci 

Staphylococcus aureus 

Streptococcus faecalis 

Streptococcus pneumoniae 
Streptococcus pijogenes 
p-hemolytic group A 

Gram-positive bacilli 

Bacillus anthracis 
Clostridium botulinurn 
Clostridium difficile 
Clostridium perfringens 
Clostridium tetatu 
Corynebacterium diphtheriae 
Gram-negative cocci 
Neisseria gonorrhoeae 
Neisseria meningitidis 
Gram-negative bacilli 
Bacteroides fragilis 
Bordetella pertussis 

Brucella abortus, B. melitensiS, and B. suis 
Enter abac ter aero genes 

Escherichia coli 

Haemophilus influenzae 
Klebsiella pneumoniae 
Legionella pneumophila • 

Proteus vulgaris 
Pseudomonas aeruginosa 

Salmonella species 
Salmonella typhi 
Shigella dysenteriae 
Vibrio cholerae 
Yersinia pestis 
Acid-fast bacilli 
Mycobacterium leprae 
Mycobacteri lim t uberciilosiS 
Spirochetes 
Treponema pallidum 
Fungi 

Blastomyces dermatitidis 
Candida albicans 
Coccidioides immitis 
Cn/ptococcus neoformans 
Histoplasma capsulation 
Epuientiophyfon , Microsporum, and Tricho- 
phyton (various species) 

Miscellaneous, Rickettsiae, 

Large Viruses 
Mycoplasma pneumoniae 
Rickettsia prowazekii 
Rickettsia rickettsii. 

Rickettsia typhi 
Chlamydia psittaci 
Chlamydia trachomatis 


Disease Produced 


cellulitis, impetigo, septicemia, endocarditis, 
meningitis, osteomyelitis, pneumonia, food 
poisoning, furunculosis 

subacute bacterial endocarditis, urinary tract in- 
fection 

pneumonia, meningitis, otitis 

scarlet fever, rheumatic fever, erysipelas, phar- 
yngitis, impetigo 


abscesses of abdomen, lung, brain 

whooping cough 

brucellosis 

pneumonia, wound infections, urinary tract in- 
fection 

urinary tract infection, septicemia, respiratory 
infections, peritonitis 
respiratory infections, meningitis, otitis 
pneumonia, urinary tract infection, septicemia 
Legionnaire's disease 
urinarv tract infection, septicemia 
urinary tract infection, pneumonia, burn-wound 
infection, septicemia 
food poisoning (salmonellosis) 
typhoid fever 
bacillary dysentery 
Asiatic dysentery 
bubonic plague 

leprosy { 

tuberculosis 

syphilis ■ ; > 

North American blastomycosis 
candidiasis (moniliasis) 
coccidioidomycosis (San Joaquin fever) 
cryptococcosis 
histoplasmosis 

dermatomveoses (ringworm, athlete's foot). 


respiratory infections 

epidemic typhus 

Rocky Mountain spotted fever 

endemic typhus 

psittacosis (parrot fever) 

trachoma, postgonococcal urethritis 


anthrax 

food poisoning (botulism) 

pseudomembranous colitis 

gas gangrene 

tetanus 

diphtheria 

gonorrhea 

meningitis 
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is adequate because they tend to have a 
rapid onset of systemic activity when orally 
administered, cause a low incidence of tox- 
icity, and are inexpensive. However, seri- 
ous penicillin hypersensitivities contrain- 
dicate the use of these antibiotics in some 
individuals, and the development of re- 
sistance by some pathogens is a definite 
therapeutic concern. Cost is never a major 
or exclusive criterion for selection of a first- 
choice antibiotic for therapeutic purposes, 
but if all other factors are equal, the least 
expensive therapeutic approach (not nec- 
essarily the least expensive unit formula- 
tion) serves the best interests of the patient. 

Properties of the antibiotic per se are not 
the only considerations in selecting the 
best therapeutic agent. Such factors as age 
and secondary debilitating conditions may 
influence the use or choice of antibiotics in 
specific situations. The following examples 
illustrate generally the situations that may 
be encountered. Gradual development of 
normal renal function during the neonatal 
period necessitates adjustment in the dos- 
age and administration interval when em- 
ploying antibiotics that are eliminated by 
the kidneys. An antibiotic that is excreted 
in the urine also must be used cautiously 
for systemic purposes in adult patients 
with renal complications, and chloram- 
phenicol is usually considered an antibiotic 
of last resort when an infection is accom- 
panied by hematopoietic abnormalities. 
When serious gastrointestinal complica- 
tions would contribute to erratic absorp- 
tion upon oral administration, the paren- 
teral features of an antibiotic become 
dominant. 

Data are being accumulated on the 
modes and mechanisms of action of var- 
ious antibiotics, on the bases for toxicities 
in antibiotic therapy, and on the details of 
resistance. The available information is suf- 
ficient to rationalize scientifically many de- 
velopments that may be observed during 
therapy. A consideration of these factors 
will undoubtedly provide a basis for more 
effective and precise antibiotic therapy in 


the future when more complete knowledge 
becomes available. 


MODES AND MECHANISMS OF 
ACTION 

A number of different classification 
schemes could be used to categorize the 
selective toxicity of antibiotics for suscep- 
tible microorganisms. The recognition of 4 
general modes of action, namely, inhibi- 
tion of microbial cell-wall formation or bio- 
synthesis of some essential protein, dis- 
ruption of deoxyribonucleic acid 
metabolism, and alteration of normal func- 
tion of the cellular membrane, is satisfac- 
tory pending the accumulation of more 
data. It is frequently difficult to distinguish 
primary from referred responses in prelim- 
inary attempts to determine the mode of 
antibiotic action. When more detailed in- 
formation becomes available, current con- 
cepts on the mode of action of a few an- 
tibiotics (Table 12-2) may be altered, and 
the relative therapeutic importance of al- 
ternate modes of action will be clarified for 
antibiotics that give experimental indica- 
tions for more than one general basis for 
their antagonistic effects. 

The mechanism of action of an antibiotic, 
as contrasted with the general mode of ac- 
tion, is frequently an individualistic fea- 
ture, and distinctive mechanisms of action 
are often observed for 2 antibiotics with the 
same mode of action. Precise knowledge 
of the mechanism of action offers tremen- 
dous potential for sophisticated develop- 
ments in antibiotic therapy. Sufficient in- 
formation is available on the mechanism of 
action of certain antibiotics that interfere 
with cell-wall formation and protein bio- 
synthesis to show representative patterns 
of biologic involvement. 

Inhibition of cell- wall formation involves 
the disruption of mucopeptide synthesis. 
Gram-positive bacteria are particularly sus- 
ceptible to antibiotics that inhibit muco- 
peptide formation because they possess a 
cell wall that contains a relatively thick mu- 
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Table 12-2. General Mode of Antibiotic 


Action 


Inhibition of cell wall for- 

Inhibition of protein biosyn- 

mation 

thesis 

Bacitracin 

Amikacin 

Cephalosporins 

Chloramphenicol 

Cycloserine 

Clindamycin 

Penicillins 

Erythromycin 

Vancomycin 

Gentamicin 

Other (J-lactam anti- 

Kanamycin 

biotics 

Lincomycin 
f Neomycin 

Disruption of deoxyribo- 

Netilmicin 

nucleic add metabo- 

Paromomycin 

lism 

Spectinomycin 

Streptomycin 

Actinomycin D 

Tetracyclines 

Doxorubicin 

Tobramycin 

Mitomycin C 
Novobiocin 

Plicamycin 

Troleandomycin 

Rifampin 

Alteration in cellular mem- 

Bieomycin 

brane function 

Amphotericin B 

Colistin 

Nystatin 

Polymyxin 


copeptide layer to provide structural sup- 
port of the cytoplasm. The mucopeptide 
layer is known variously as murein, gly- 
copeptide, or peptidoglycart, and because 
of the nature of its chemical structure, it is 
tough and fibrous. Support is required be- 
cause gram-positive bacteria concentrate 
low-molecular-weight metabolites such as 
amino acids and nucleotides, which impart 
a high internal osmotic pressure. On the 
other hand, gram-negative bacteria have a 
relatively low internal osmotic pressure 
with a thin layer of mucopeptide. 

The synthesis of mucopeptide occurs in 
distinct steps. The first step is a series of 
reactions inside the cell that result in the 
production of the basic building units (uri- 
dine diphospho-N-acetyl-muramylpenta- 
peptide). Cycloserine inhibits the forma- 
tion of the pentapeptide portion of the 
building block. In the next step, the build- 
ing units are carried to the outside of the 
cell membrane. During this process, the 
units are linked covalently to the preexist- 
ing cell wall. Vancomycin and bacitracin 


inhibit this step of the biosynthesis. The 
final stage of the biosynthesis is the cross- 
linking of linear molecules to form the 
highly cross-linked, 3-dimensional muco- 
peptide. The last reaction in mucopeptide 
formation is catalyzed by a transpeptidase 
that splits the terminal D-alanine residues 
of the pentapeptide of the building unit 
and, in the case of Staphylococcus aureus , 
forms a peptide bond between the terminal 
glycine of a pentaglycine bridge and the 
penultimate D-alanine of a mucopeptide 
strand (Fig. 12-9). Therefore, each poly- 
peptide side chain of each repeating build- 
ing unit becomes covalently linked to the 
side chains of neighboring mucopeptide 
strands. The cross-linking process has 2 
steps: carboxvpeptidation, followed by 
transpeptidation (Fig. 12-9). The penicil- 
lins and the cephalosporins are competi- 
tive inhibitors of this cross-linking. 

Although the precise mechanism is not 
known, it appears that the penicillin or 
cephalosporin molecule occupies the 
D-alanyl-D-alanine substrate site of the 
DD-carboxypeptidase and/or the peptido- 
glycan transpeptidase, forming a covalent 
adduct that is stable to subsequent hy- 
drolysis and, therefore, irreversibly inac- 
tivates the enzyme. These penicillin-sen- 
sitive enzymes are also known as 
penicillin-binding proteins (PBPs). The 
PBPs are found in the cell membrane of all 
bacteria examined to date. Bacterial mem- 
branes yield multiple PBPs ranging in 
number from 3 in gonococci to 10 or more 
in Escherichia coli. On sodium dodecvlsul- 
fate-polyacrylamide gels, PBPs have mo- 
lecular weights usually ranging from 
40,000 to 120,000 and are numbered in 
order of decreasing molecular weight. The 
currently used nomenclature involves as- 
signing numbers to the protein, with 1 
being the highest molecular weight; there- 
fore, the numerical connotation of PBPs is 
strictly a reference to their relative molec- 
ular size within the group of PBPs detected 
in a microorganism. Thus, PBP-1 of Esch- 
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erichia coli need not have anything in com- 
mon with PBP-1 of gonococci. 

The physiologic function of PBPs in the 
formation of cel] wall has been assigned so 
far in only a limited number of bacteria. In 
Escherichia coli, PBP-1, PBP-2, and PBP-3 all 
have transpeptidase activity and are in- 
volved, respectively, in elongation, shape, 
and septa tion during growth. 3-Lactam an- 
tibiotics that bind to PBP-1 cause cell lysis, 
whereas binding to PBP-2 produces giant 


spherical shaped cells; those binding to 
PBP-3 produce filamentation. Most 3-lac- 
tam antibiotics bind to PBP-1 and PBP-3, 
whereas amdinocillin binds preferentially 
to PBP-2. 

Formation of an essential protein may be 
blocked at any of the basic stages of protein 
biosynthesis. The antibiotic could ad- 
versely influence the replication and syn- 
thesis of DNA, the transcription of the ge- 
netic code and the specific sequential 
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synthesis of DNA, the transcription of the 
genetic code and the specific sequential 
synthesis of mRNA, or the synthesis and 
assembly of the ribosomes. All of these 
biologic processes are fundamental for the 
eventual synthesis of a protein, but many 
constituents that act at these levels tend to 
be relatively toxic. Most of the therapeu- 
tically useful (more selectively toxic) anti- 
biotics that act on protein biosynthesis in- 
fluence in some manner the normal 
assembly of the amino acids into proteins 
at the surface of the mRNA-ribosome com- 
plex. 

The ribosomes found in bacteria have a 
sedimentation coefficient of 70S, and they 
are composed of 2 particles of different 
size, the 50S and the 30S ribosomal sub- 
units. Each subunit is composed of ribo- 
somal RNA and a number of different pro- 
teins. Antibiotic action to inhibit protein 
biosynthesis can be focused on the events 
that take place on the ribosomes. These are 
initiation, binding of aminoacyl-tRN A, 
peptide bond formation, translocation, and 
termination (Fig. 12-10). 

Streptomycin, an aminoglycoside anti- 
biotic, affects initiation as well as elonga- 
tion and termination of protein synthesis. 
The antibiotic binds to the 30S subunit and 
causes a breakdown of the initiation com- 
plex, resulting in the release of f-met- 
tRNA. Other aminoglycoside antibiotics 
such as kanamycin, gentamicin, and neo- 
mycin interfere with initiation of protein 
synthesis; however, these antibiotics affect 
elongation of the peptide chain more mark- 
edly through inhibition of translocation 
than through initiation. In addition, the 
aminoglycoside antibiotics with a strep- 
tamine or 2-deoxystreptamine moiety pro- 
voke codon misreading or induce the up- 
take of incorrect amino acids that do not 
correspond to the codon. The tetracyclines 
interfere with the binding of aminoacyl- 
tRNA to the acceptor site of the 70S ribo- 
some. Experimental evidence points to a 
single strong binding site for tetracycline 
located on the 30S subunit; however, it has 


not been completely ruled out that the 50S 
subunit might also be involved in the bind- 
ing. Chloramphenicol binds to the 50S sub- 
unit where it disrupts the function of pep- 
tidyl transferase. Erythromycin also binds 
to the 50S subunit. It does not inhibit pep- 
tide bond formation, but it does block 
translocation. 

The antitumor antibiotics and others dis- 
rupt DNA metabolism. Actinomycin D and 
plicamycin bind through hydrogen bond- 
ing to guanine residues of the DNA double 
helix. Mitomycin C covalently cross-links 
between the complementary strands of the 
DNA double helix. These complexes of the 
drug with the DNA template block the 
transcription of RNA by DNA-dependent 
RNA polymerase which, in turn, is re- 
sponsible for the antitumor effect. 

Other antibiotics affect the permeability 
of the cell membrane in a way that causes 
leakage of cytoplasmic solutes. The 2 most 
important groups of these drugs are the 
polyene antibiotics, amphotericin B and 
nystatin, and the peptide antibiotics, such 
as the polymyxins. The polyene antibiotics 
are antifungal agents that affect the mem- 
branes of eucaryotic cells but have no ac- 
tivity on bacteria. This difference in sen- 
sitivity of different organisms to these 
antibiotics is determined by the presence 
of sterols in the cell membrane of eucar- 
yotic cells. The polyenes bind to the mem- 
brane and the extent of binding is propor- 
tional to the amount of sterol present. 
Molecular models show the polyenes to 
have a rodlike structure held rigid by an 
all -trans extended conjugated system that 
is equal in length to a sterol molecule. One 
surface is lipophilic and the opposite, stud- 
ded with hydroxyl groups, has a hydro- 
philic face (see page 366). There is evidence 
that there is a packing of alternating sterol 
and polyene molecules, which creates a 
pore through the cell membrane. The pore 
is thought to be a hollow cylinder with a 
polar interior surface caused by the hydro- 
philic hydroxyl groups of the polyene 
molecules and an exterior surface com- 
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Fig. 12-10. Sequence of events of protein synthesis on the 70S ribosome: 

I. Formation of initiation complex. Involves the binding of the first aminoacyl-tRNA to the ribosome. In 
bacteria, the first amino acid bound is formvlmethionine (f-met). 

II. Binding of the next aminoacyl-tRNA to aminoacyl site. 

III. Formation of peptide bond catalyzed by a ribosome-bound peptidyl transferase. 

IV. Release of formylmethionine-specific tRNA. 

V. The peptidyl-tRNA (f-met-ala-tRNA) moves to the peptidyl site. This is called the translocation step, and 
the mRNA shifts to the next codon. 

VI. The aminoacyl site is free and available for the next addition of aminoacyl-tRNA which, in this case, is 
arginine-tRNA. 


posed of sterols being attracted to the li- 
pophilic side of the polyenes (Fig. 12-11). 
Ions from the cytoplasm such as K + would 
leak through the polar pore, causing dam- 
age to the cell by the upset of the ion bal- 
ance. The peptide antibiotics also bind to 
the cell membrane and disturb membrane 
function; however, these antibiotics are ac- 
tive against bacteria since sterols are not 
required for binding. 


BASES OF TOXICITY 

One limitation to the therapeutic use of 
an antibiotic substance is mammalian tox- 
icity. The manifestation of such adverse re- 
actions varies greatly with different anti- 
biotic molecules. Basically, these side 
effects are an extension to mammalian bio- 
logic processes of the mechanisms of an- 
tibiotic action, hypersensitivity, or a 
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Cross-section 
of pore 


Fig. 12-11. The possible interaction of polyene antibiotics in a eucaryotic cell membrane. The polyenes 
complex with membrane sterols to form a pore through the membrane through which ions may pass. 


pharmacologic action that is independent 
of the antibiotic activity of the molecule. 
An antibiotic that acts by inhibiting protein 
synthesis in susceptible microorganisms is 
potentially toxic to mammalian systems in- 
volving the same or related essential pro- 
teins. Theoretically, the safest antibiotic in- 
hibits an essential process, such as cell-wall 
formation, that is unique to the microor- 
ganism. Actual situations usually follow 
the theoretical considerations, as illus- 
trated by the relative safety of the penicil- 
lins and the relative toxicity of chloram- 
phenicol. However, some degree of 
deviation from the ideal is probably uni- 
versal because antibiotic molecules nor- 
mally lack absolute specificity or the ability 
to influence only one biochemical reaction. 
In the case of penicillins, hypersensitiza- 
tion with serious consequences precludes 
the use of these antibiotics in some indi- 


viduals. Many antibiotic molecules are 
characterized by reactive functional 
groups, and hypersensitivity may be a 
problem with molecules containing func- 
tional oxygen groups that can react with 
proteins to yield a potentially antigenic 
hapten-protein molecule. Toxicity caused 
by some independent pharmacologic prop- 
erty of the antibiotic is usually difficult to 
predict; this type of complication must be 
evaluated individually for each antibiotic. 

In addition to any adverse pharmaco- 
logic action of -an antibiotic per se, indirect 
toxidties can be observed with these ther- 
apeutic agents. The most common type of 
indirect antibiotic-induced toxicity' is as- 
sociated with an alteration in the ecologic 
balance of the intestinal flora. This problem 
is greatest with the broad-spectrum anti- 
biotics because a major portion of the in- 
testinal flora may be suppressed. Candida 
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albicans is an example of the slow-growing, 
unsusceptible microorganism that may be- 
come a dominant component of the intes- 
tinal flora following the administration of 
antibiotics. The body frequently has no 
prior adaptation or tolerance to the level of 
foreign metabolites resulting from the un- 
usual proliferation of such organisms; the 
toxicity is usually manifest as gastrointes- 
tinal disturbances rather than as acute tox- 
icities. The pseudomembranous colitis 
caused by Clostridium difficile in some pa- 
tients receiving clindamycin is another ex- 
ample of such clinical problems. 

MODES OF RESISTANCE 

Antibiotic resistance is a major therapeu- 
tic concern. One practical way to circum- 
vent this problem, at least for short-term 
purposes, is to develop and use new an- 
tibiotics, but experts are concerned justi- 
fiably about the practicality of long-term 
developmental aspects of this approach. 
Resistance to antibiotics may result 
through spontaneous or induced genetic 
mutation. However, many of the practical 
problems have developed via the process 
of selection or, in other words, favoring 
through the use of antibiotics the low fre- 
quency of organisms of antibiotic-resistant 
genotype that exists naturally in the anti- 
biotic-sensitive, wild population. Sponta- 
neous mutation is believed to make only a 
minor contribution to the total problem of 
antibiotic resistance. Bacterial cells can ac- 
quire genetic material from other bacterial 
cells through the processes of transfor- 
mation, transduction, and conjugation. 
Transformation, which is a process by 
which DNA from a lysed bacterial cell is 
inserted directly into a recipient cell, makes 
no substantial contribution to the clinical 
problem of drug resistance. Transduction, 
or the phage-induced transfer of resistant 
determinant sections of bacterial DNA, is 
believed to be an important factor in the 
emergence of drug-resistant strains of 
Staphylococcus. Conjugation is a widely rec- 


ognized mechanism for transmitting re- 
sistance among gram-negative bacilli of 
clinical concern. Conjugation of compatible 
cells (which may represent different spe- 
cies or even genera) provides a means for 
direct transfer of R-factor genes residing on 
bacterial episomes, and great danger lies 
in the fact that bacterial episomes may con- 
tain genetic information for multiple re- 
sistance. 

Multiple mechanisms of resistance to 
many antibiotics appear to exist, and the 
lack of precise information in many cases 
makes general categorization difficult. 
However, some modes of resistance that 
can be noted include: 

1. Enzymatic inactivation of the anti- 

2. Altered permeability of the pathogen 
to the antibiotic; 

3. Development of altered, less sensitive 
enzymes or of alternate metabolic 
pathways in the pathogen. 

The (3-lactamase inactivation of penicil- 
lins and cephalosporins is by far the best 
documented mechanism leading to anti- 
biotic resistance. The significance of peni- 
cillinase was recognized at an early date in 
antibiotic therapy, and the semisynthetic 
penicillins are a direct result of efforts to 
avoid the specificity of the enzyme. A pen- 
icillin amidase also occurs in some micro- 
organisms; this amidase yields the inactive 
6-aminopenicillanic acid, but this type of 
penicillin inactivation does not appear to 
contribute significantly as a means of path- 
ogenic resistance in any actual therapeutic 
problem. 

Gram-negative bacteria bearing any of 
several R-factors for multiple resistance can 
enzymatically inactivate aminoglycoside 
antibiotics by forming either phosphoryl, 
adenyl, or acetyl derivatives of these an- 
tibiotics. 

Altered permeability is a frequently 
mentioned mode of resistance. Actual sub- 
stantiation of this type of involvement is 
limited. Tetracycline resistance in Escher- 
ichia coli appears to be related to a decrease 
in the ability of the bacterial cells to take 
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up the antibiotic. Another possible exam- 
ple is chloramphenicol. One biochemical 
basis of resistance to this antibiotic is an 
acquired selective impermeability of cel- 
lular membranes of some organisms; how- 
ever, it is also known that certain strains 
of E. coli that are resistant to chloramphen- 
icol enzvmatically inactivate the antibiotic 
by acetylation. 

Resistance caused by the development 
of altered enzymes or metabolic pathways 
is poorly documented in the current sci- 
entific literature. This general mode of re- 
sistance is recognized, e.g., certain resist- 
ant strains of Bacillus subtilis that fail to bind 
erythromycin at the 50S subunits on the 
ribosomes, but the overall therapeutic sig- 
nificance of this type of resistance is rela- 
tively unknown. 

ANTIBIOTICS DERIVED FROM AMINO 
ACID METABOLISM 

The commercially available and thera- 
peutically useful antibiotics can be classi- 
fied on the basis of the biosynthetic origin 
of the antibiotic molecules. These useful 
microbial metabolites are products of 
amino acid, acetate, and carbohydrate me- 
tabolism. Only one of the basic groups of 
metabolites is involved in the formation of 
most medicinally important antibiotics, but 
in the case of some, such as the macrolides, 
precursors from diverse metabolic origins 
are combined to yield the antibiotic mole- 
cule. 

Antibiotics derived from amino acids in- 
clude the penicillins, the cephalosporins, 
chloramphenicol, cycloserine, dactinomy- 
cin, and the polypeptide antibiotics (e.g., 
bacitracin, polymyxin). Considerations of 
chronology, sophisticated state of current 
development, and significance suggest the 
penicillins for initial monographic cover- 
age. 

Penicillins 

Penicillin antagonism attracted the atten- 
tion of Sir Alexander Fleming in 1928. 


Fleming was studying staphylococci at St. 
Mary's College in London when he noticed 
a zone of inhibition surrounding a Penicil- 
lium contaminant in one of his cultures. 
The Penicillium was initially identified as P. 
rubrum but was later determined to be P. 
notaturn. Interest in this antagonism re- 
mained largely academic until after 1940. 
In 1938, Florey and Chain at Oxford Uni- 
versity first isolated a crude penicillin mix- 
ture from the mold, and during the early 
1940s, the therapeutic potential of penicil- 
lin was demonstrated. 

Conditions in England during the first 
half of World War II were such that efforts 
to determine suitable procedures for pro- 
ducing commercial quantities of the anti- 
biotic were conducted primarily in the 
United States. Significant early discoveries 
included the influence of nutrient compo- 
sition on penicillin production and the dis- 
covery of a strain of P. chrysogenum that 
w r ould produce the antibiotic in submerged 
fermentation. The presence of phenylpro- 
panoid or phenylacetyl derivatives in the 
nutrient medium favored the formation of 
benzvlpenicillin (penicillin G). Other pen- 
icillins could be formed by adding the ap- 
propriate precursor moieties to the fer- 
mentation cultures; penicillin V is an 
example of a therapeutically useful peni- 
cillin that was prepared initially by this 
type of manipulated biologic process (Fig. 
12 - 12 ). 

Discovery in the late 1950s of a strain of 
P. chrysogenum that accumulated high 
yields of 6-aminopenicillanic acid provided 
an alternate approach to preparing 
unusual penicillins, such as penicillin V, 
and provided an opportunity for even 
greater modification in the antibiotic mole- 
cules. 6-Aminopenicillanic acid has no sig- 
nificant antibiotic activity per se, but this 
biologically prepared substance can be 
chemically acylated to give a wide variety 
of active molecules. Amdinocillin, ampi- 
cillin, amoxicillin, azlocillin, bacampicillin, 
carbenicillin, cloxacillin, cyclacillin, diclox- 
acillin, methicillin, mezlocillin, nafcillin. 
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Fig. 12-12. Antibiotic fermentation area. Final fermentation takes place in these 18,000-gallon tanks. The 
tanks are 30 feet high but are buried to within a few feet of their tops. A maze of pipes carries water, steam, 
and air into the area. Storage tanks of 30,000-gallon capacity are located nearby. (FTioto courtesy of Eli Lilly 
& Co.) 


oxacillin, piperacillin, and ticarcillin are 
therapeutically utilized semisynthetic pen- 
icillins that have been selected for various 
advantages offered by their chemical, 
physical, or spectral properties. Structures 
of the commercially available penicillins 
are shown in Figure 12-13. 

BIOSYNTHESIS OF PENICILLINS. The amino 
acids cysteine and valine are incorporated 
into the 6-aminopenicillanic acid portion of 
penicillin molecules, and the acyl group of 
penicillin G is derived from phenylacetic 
acid. Many of the details of the biosynthetic 
pathway require further clarification. It is 
generally believed that terminal steps in 
the pathway involve introduction of the 
characteristic acyl group and the action of 
an acyl transferase on isopenicillin N is sus- 


pected (Fig. 12-14). The tripeptide, 8- 
(a-aminoadipyl)-cysteinylvaline, is the 
presumed precursor of isopenicillin N, and 
dehydrogenation involving the mercapto 
function and one of the methyl groups of 
the valine residue of some metabolite of 
this tripeptide appears to yield the nucleus 
of cephalosporin C. 

PROPERTIES OF THE PENICILLINS. The 

chemical structure of the penicillin nucleus 
is unusual and is characterized by a 4-mem- 
bered p-lactam ring fused to a thiazolidine 
ring. This ring system contains 3 asym- 
metric carbon atoms in a fixed spatial ar- 
rangement, and any disruption of this ar- 
rangement by rupturing either the 
lactam ring or the thiazolidine ring results 
in a complete loss of antimicrobial activity. 
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Fig. 12-13. Structures of commercially available penicillins. 
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Fig. 12-14. Biosynthesis of penicillin G and cephalosporin C. 


Unfortunately, the 4-membered [3-lactam 
ring has considerable biologic and chemical 
lability, which has created a number of 
problems in the therapeutic utilization of 
these antibiotics. Biologically, microorga- 
nisms resistant to the action of penicillin G 
produce a (3-lactamase (penicillinase) 
which hydrolyzes the (3-lactam ring to form 
inactive penicilloic acid (Fig. 12-15). 
Chemically, penicillin G is rapidly inacti- 
vated when the pH is more add than 5.0 
or more alkaline than 8.0. In acidic condi- 
tions, penicillin G is converted to penillic 


acid and to penicilloic acid in alkali (Fig. 
12—15). Ideally, aqueous solutions of pen- 
icillin G salts should be buffered at pH 6.8 
tor maximum stability. Penicillins are also 
inactivated by metal ions, such as zinc and 
copper, and by oxidizing agents. The need 
for penicillin antibiotics with inherent sta- 
bility in gastric fluids and with resistance 
to penicillinase prompted the search for 
and development of other penicillins. Pen- 
icillin V, ampidllin, and the penidllins 
chemically related to ampidllin (amoxicil- 
lin, bacampicillin, cyclacillin), as well as the 
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Fig. 12-15. Hydrolysis of the p-lactam system of penicillin G 
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indanyl derivative of carbenicillin, are 
characterized by a significant degree of acid 
stability, and cloxacillin, dicloxacillin, naf- 
cillin, and oxacillin are both acid-stable and 
penicillinase-resistant. In the case of the 
penicillins with increased stability in gas- 
tric acid, the introduction of a hetero atom 
on the a-carbon of the side chain inhibits 
the participation of the side-chain amide 
carbonyl in the electron displacement 
caused by the acid proton. Penicillins re- 
sistant to the action of penicillinase possess 
side chains with acyl groups that protect 
the (3-lactam ring through steric hindrance. 

Definite proof of the structure of peni- 
cillin was not established until 1949. The 
need for quantitation of penicillin antibiot- 
ics prior to complete elucidation of their 
chemistry and prior to feasible approaches 
for resolving or avoiding mixtures of pen- 
icillins resulted in the use of microbiologic 
assay. Microbiologic assay still has some 
utility in evaluating certain antibiotics, and 
biologic units are used to express quanti- 
tation for penicillin G and penicillin V. So- 
dium penicillin G is currently accepted as 
the reference standard; 1 ilnit is the anti- 
biotic activity of 0.6 jxg of sodium penicillin 
G reference standard. Microbial assays 
must be conducted under carefully con- 
trolled conditions, and alternate proce- 
dures frequently offer some advantages at 
the present time for quantitation of chem- 
ical availability. However, therapeutic ef- 
ficacy is best determined biologically. In ad- 
dition, a reduction in antimicrobial activity 
will reveal subtle chemical changes not de- 
monstrable by chemical methods. Accord- 
ingly, microbial assays generally remain 
the standard for resolving doubt with re- 
spect to possible loss of activity. 

USE OF PENICILLINS. Penicillin G is con- 
sidered the agent of first choice against 
many pathogenic gram-positive bacteria. 
These include Bacillus anthracis, Clostridium 
tetani, Clostridium perfringens, Staphylococcus 
aureus (nonpenicillinase-producing), (3-he- 
molytic group A Streptococcus and Strep- 
tococcus pneumoniae. In addition, penicillin 


is the drug of choice in treating syphilis 
(Treponema pallidum) and infections caused 
by the gram-negative cocci, Neisseria gon- 
orrhocae and Neissei'ia meningitidis. 

Intramuscular or intravenous injection is 
the usual method of administration for 
penicillin G. The water-soluble sodium or 
potassium salts are available for this pur- 
pose, as are the repository forms, which 
are water-insoluble salts of high-molecular- 
weight amines such as procaine and ben- 
zathine. 

Penicillin G is destroyed by gastric acid, 
and therefore absorption after oral admin- 
istration is irregular and variable; conse- 
quently, the penicillin of choice for oral 
administration is penicillin V, which is less 
susceptible than penicillin G to degrada- 
tion by gastric acid and produces blood lev- 
els 2 to 5 times higher than penicillin G. 
The patient should also be cautioned to 
take the antibiotic on an empty stomach (1 
hour before or 2 hours after eating), be- 
cause food inhibits its absorption. 

In vitro sensitivity tests have shown that 
strains of group A Streptococcus have a sen- 
sitivity to penicillin G as low as 0.006 fxg 
per ml; and the MIC range for other bac- 
teria causing infections in which penicillin 
G is recommended is 0.01 to 2.0 fig per ml. 
The rapid intravenous administration of 
sodium or potassium penicillin G results in 
an immediate high blood level; however, 
after 1 hour, only 10% of the original dose 
remains in the blood owing to both distri- 
bution and elimination of the drug. There- 
fore, to maintain therapeutic blood levels 
in life-threatening infections, the antibiotic 
is administered by continuous infusion, 
preferably with a constant infusion pump 
rather than by the constant drip method. 

After intramuscular injection of sodium 
or potassium penicillin G, a peak blood 
level is obtained within 30 minutes. Then 
the serum level falls rapidly, with a usual 
half-life of only 30 minutes. It is important 
to remember that the height of the blood 
level peak and the length of time during 
which penicillin may be demonstrated in 
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the blood depend on the dose and also can 
vary from person to person. 

In order to maintain therapeutic blood 
levels of penicillin G, 2 approaches are uti- 
lized. One approach interferes with the ex- 
cretion of the antibiotic in the tubules of 
the kidney. When probenecid is used with 
penicillin, penicillin serum concentrations 
are approximately doubled. The supposed 
mechanism involves the hydrolysis of pro- 
benecid in the body to yield benzoic acid, 
which is conjugated in the liver with gly- 
cine to provide (3-aminohippuric acid, 
which, in turn, competes with penicillin for 
renal excretion. 

A more widely used approach for main- 
taining therapeutic blood levels delays ab- 
sorption by employing repository penicil- 
lins. After intramuscular injection of an 
aqueous suspension of procaine penicillin 
G, a peak blood level is obtained in about 
2 hours, and if an adult dose of at least 
600,000 units is used, detectable levels are 
maintained in most patients for at least 24 
hours. Benzathine penicillin G is less 
water-soluble than the procaine salt, and, 
following intramuscular injection of 
600,000 units in an aqueous suspension, 
serum concentrations of 0.018 to 0.06 fxg 
per ml persist for up to 2 weeks. 

Resistance to penicillin G occurs fairly 
frequently among strains of Staphylococcus 
aureus. For this reason, if it is not known 
whether the infecting organism is a peni- 
cillinase producer, a penicillinase-resistant 
semisynthetic penicillin is normally the an- 
tibiotic of first choice until a culture-sen- 
sitivity test can be performed. Among the 
penicillinase-resistant semisynthetic peni- 
cillins exists essentially equivalent antimi- 
crobial activity against pathogenic gram- 
positive cocci with MICs of 0.05 to 1.0 fxg 
per ml; however, in general they are less 
effective than penicillin G against these or- 
ganisms. 

Extended spectrum penicillins have ac- 
tivity against certain pathogenic gram-neg- 
ative bacilli against which penicillin G has 
little activity at normal therapeutic doses. 


Based on microbial activity, these extended 
spectrum penicillins can be divided into 
two groups. One group, composed of am- 
picillin and the chemically related com- 
pounds amoxicillin, bacampicillin, and cy- 
clacillin, is useful in the treatment of 
Escherichia coli , Haemophilus influenzae , Sal- 
monella, and Shigella infections, as well as 
of those infections caused by gram-nega- 
tive cocci and gram-positive organisms. 
The second group, which includes carben- 
icillin, ticarcillin, mezlocillin, piperacillin, 
and azlocillin, is important in treating En- 
terobacter, Escherichia coli, Bacteroides, Pro- 
teus , and Pseudomonas aeruginosa infections. 
In addition, mezlocillin, piperacillin, and 
azlocillin are indicated against Klebsiella 
pneumoniae. The most recently marketed 
extended-spectrum penicillin, amdinocil- 
lin, has been approved for use in urinary 
tract infections caused by Escherichia coli , 
Klebsiella , and Enterobactcr. 

A possible explanation for the extension 
of the antimicrobial spectrum of some of 
the penicillins such as ampicillin is that 
these antibiotics penetrate to the site of ac- 
tion more readily than does penicillin G. 
The mucopeptide layer of the cell wall of 
gram-negative organisms lies behind lay- 
ers of polysaccharide, protein, and lipid, 
which serve as a penetration barrier to pen- 
icillin G but not to the extended spectrum 
penicillins. In the wild type Escherichia coli 
with an intact penetration barrier, the MIC 
for penicillin G is 200 jxg per ml as opposed 
to 2 fxg per ml for ampicillin; however, if 
the penetration barrier is removed through 
mutation, penicillin G exhibits an MIC of. 
5 p.g per ml and ampicillin an MIC of 0.5 
fxg per ml against the mutant strain. 

The penicillins act by inhibiting muco- 
peptide formation in bacterial cell walls 
(see page 325). Presumably, the lack of 
comparable metabolism in zoologic sys- 
tems contributes to the relatively low in- 
cidence of serious side effects with these 
antibiotics. The most frequent adverse re- 
actions are allergic responses, and the oc- 
casional incidence of anaphylactic shock 
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can be fatal in the absence of emergency 
treatment. Epinephrine is usually admin- 
istered for symptomatic control in penicil- 
lin shock. 

In the early years of penicillin therapy, 
many cases of hypersensitivity were attrib- 
uted correctly to foreign proteins, and the 
frequency of such reactions was reduced 
by improved purification procedures. 
However, impurities are hot responsible 
for all penicillin reactions. Penicillin acts as 
a hapten and combines with body proteins 
to form an antigen which, in this case, is 
an allergen. Cross-sensitivity occurs 
among all compounds with the penicillin 
nucleus; however, there is experimental 
and clinical evidence that some semisyn- 
thetic penicillins are less allergenic. Sen- 
sitization is usually owing to a previous 
treatment with penicillin, but some people 
get an allergic reaction when first treated 
owing to a hidden contact such as con- 
sumption of milk containing penicillin as a 
result of veterinary treatment. A history of 
hypersensitivity to penicillin is an indica- 
tion to use alternate antibiotics for control 
of penicillin-susceptible pathogens. 

Penicillin G potassium or potassium 
benzyl penicillin is normally formulated 
with suitable buffer systems. Solid for- 
mulations have an expiration date that is 
not Later than 5 years from the time the lot 
was released by the manufacturer. Sterile 
aqueous solutions may be stored in a re- 
frigerator for 3 to 7 days (the latter if an 
approved sodium citrate buffer is used) 
without significant loss of potency, and the 
appropriate storage period must be stated 
on the label. 

Penicillin G potassium may be admin- 
istered orally, intramuscularly, or intrave- 
nously. One mg of pure penicillin G po- 
tassium is equivalent to 1595 units. The 
usual dose is 200,000 to 500,000 units, 3 or 
4 times daily orally, and 500,000 to 1 million 
units intravenously, 6 to 8 times a day. 
Daily doses of 10 million units or more are 
given by intravenous infusion, and up to 
100 million units daily may be adminis- 


tered by this method. The dose range var- 
ies widely, depending on the pathogen 
being treated, the extent of the infection, 
and other clinical conditions. 

PRESCRIPTION PRODUCTS. Numerous 
preparations of penicillin G potassium are 
available, including Pentids® and Pfizer- 
pen G®. 

Penicillin G sodium or sodium benzyl 
penicillin is normally formulated wdth 
suitable buffer systems. Solid preparations 
have an expiration date that is not later 
than 5 years from the time the lot was re- 
leased by the manufacturer, and sterile 
aqueous solutions may be stored in a re- 
frigerator for 3 days without significant loss 
of potency. Pure penicillin G sodium is 
used as the reference standard for micro- 
bial assays of the penicillins, and 1 mg is 
equivalent to 1667 units. Penicillin G so- 
dium is used orally, intramuscularly, or in- 
travenously in the same manner as the po- 
tassium salt. A wide range in dosage will 
be encountered; the usual dose is consid- 
ered to be 400,000 units, 4 times a day, 
orally or intramuscularly, and 10 million 
units daily, intravenously. 

Penicillin G procaine is the slightly sol- 
uble procaine salt of penicillin G. One mg 
of pure penicillin G procaine is equivalent 
to 1009 units. 

This antibiotic is used intramuscularly 
and has the advantage of prolonged action 
because of slow absorption. It is formu- 
lated in an aqueous suspension. The usual 
intramuscular dose is 300,000 to 600,000 
units, 1 or 2 times a day. 

PRESCRIPTION PRODUCTS. Crysticillin A. 
S.®, Duracillin A. S.®, Wycillin®, Pfizer- 
pen-A.S.®. 

Penicillin G benzathine or N,AT- 
dibenzylethylenediamine dipenicillin G 
is a slightly soluble salt of penicillin that is 
used intramuscularly for its unusually pro- 
longed duration of action and orally for its 
resistance to gastric inactivation. One mg 
of pure penicillin G benzathine is equiva- 
lent to 1211 units, and commercial material 
must have a potency of not less than 1050 
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units per mg. The usual dose, intramus- 
cularly, is 1.2 million to 2.4 million units 
as a single dose or 600,000 to 1.2 million 
units, 2 times a month to 3 times a week. 
The oral dose is 400,000 to 600,000 units, 4 
to 6 times a day. 

PRESCRIPTION PRODUCTS. Bitillin®, Per- 
mapen®. 

Penicillin V or phenoxymethyi penicil- 
lin and penicillin V potassium or phen- 
oxymethyi penicillin potassium are rela- 
tively acid-stable. The potassium salt is 
soluble in water, and this appears to favor 
better absorption following oral adminis- 
tration. However, both forms of this pen- 
icillin gave good blood levels, the average 
ranging from 2 to 5 times higher than the 
levels obtainable with comparable oral 
doses of penicillin G. One mg of pure 
phenoxymethyi penicillin is equivalent to 
1695 units, and 1 mg of the pure potassium 
salt equals 1530 units. Quantities are usu- 
ally expressed on a weight basis for prep- 
arations of these penicillins, and the usual 
oral dose is 125 to 500 mg (200,000 to 
800,000 units), 3 or 4 times a day. 

PRESCRIPTION PRODUCTS. Ledercillin 
VK®, Pen-Vee K®, V-Cillin K®, Veetids®, 
Pfizerpen VK®. 

Penicillinase-Resistant Penicillins 

Cloxacillin, dicloxacillin, methicillin, 
nafcillin, and oxacillin are semisynthetic 
penicillins that are not inactivated by pen- 
icillinase. They are recommended primar- 
ily for treatment of staphylococcal infec- 
tions resistant to other penicillins. 
Methicillin is acid-labile and must be ad- 
ministered parenterally. The other 4 peni- 
cillins are stable in gastric acidity. Nafcillin 
and oxacillin are available in formulations 
for oral and parenteral administration; 
cloxacillin and dicloxacillin are only used 
orally. All of these penicillins are employed 
as sodium salts. 

Cloxacillin, dicloxacillin, nafcillin, and 
oxacillin are characterized by a high degree 
of binding to serum protein, but approxi- 
mately only 20% of methicillin in blood is 


bound to serum proteins. Dicloxacillin is 
absorbed more readily than the other pen- 
icillinase-resistant penicillins administered 
orally. However, food interferes suffi- 
ciently with the absorption of all these pen- 
icillins, including dicloxacillin, to prompt 
the recommendation that they be admin- 
istered on a fasting stomach in order to 
obtain satisfactory blood levels. A 500-mg 
oral dose of oxacillin results in a peak blood 
level of 2.6 jxg per ml in 1 hour. When 
compared with oxacillin at the same dose, 
cloxacillin provides a 2-fold higher blood 
level, and dicloxacillin effects a 4 times 
higher blood level. The usual doses are 1 g, 
intramuscularly or intravenously, 4 to 6 
times a day for methicillin; 250 mg to 1 g, 
orally, 4 to 6 times a day; and 500 mg to 
1 g, intramuscularly or intravenously, 4 to 
6 times a day for nafcillin; 500 mg to 1 g, 
orally, 4 to 6 times a day and 250 mg to 
1 g, intravenously or intramuscularly, 4 to 
6 times a day for oxacillin; 250 to 500 mg, 
orally, 4 times a day for cloxacillin; and 125 
to 250 mg, orally, 4 times a day for diclox- 
acillin. 

PRESCRIPTION PRODUCTS. Cloxacillin: Te- 
gopen®; dicloxacillin: Dynapen®, Patho- 
cil®, Veracillin®; methicillin: Staphcillin®, 
Celbenin®; nafcillin: Unipen®, Nafcil®; oxa- 
cillin: Prostaphlin®, Bactocill®. 

Extended-Spectrum Penicillins (Ampicillin- 
Related) 

Ampicillin or aminobenzyl penicillin is 

an acid stable, readily absorbed semisyn- 
thetic penicillin. It is inactivated by peni- 
cillinase but has an unusual spectrum of 
activity for a penicillin. It is active against 
most of the bacteria sensitive to penicillin 
G but also has greater activity against cer- 
tain gram-negative bacilli than penicillin G. 
The L-isomer of ampicillin is only about as 
active as penicillin G against gram-negative 
bacteria. The D-isomer shows increased ac- 
tivity; therefore, the D-isomer is used in 
therapy. Ampicillin has special clinical 
value for treatment of infections caused by 
Haemophilus influenzae , Salmonella species. 
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and Shigella species. This antibiotic effec- 
tively controls nonpenicillinase-forming 
strains of Proteus mirabilis and Escherichia 
coli, but the high frequency of penicillinase 
formation by these pathogens limits the 
clinical effectiveness of ampicillin with re- 
spect to these species. The in vitro MICs 
for ampicillin range from 0.25 fxg per ml 
for strains of Haemophilus influenzae to 5 fig 
per ml for sensitive strains of Escherichia 
coli . A 250-mg oral dose of ampicillin re- 
sults in a peak blood level of 1.8 fig per ml 
reached in 2 hours; therefore, it is impor- 
tant to use high doses to treat Escherichia 
coli infections. The sodium salt of ampicil- 
lin is used in parenteral formulations, and 
oral dosage forms normally utilize the free 
acid. The usual dose is 250 to 500 mg, or- 
ally, 4 times a day and 500 mg, intramus- 
cularly or intravenously, 4 times a day. 

PRESCRIPTION PRODUCTS. Amcill®, Om- 
nipen®, Polycillin®, Principen®, Totacil- 
lin®. 

Amoxicillin is the ^-hydroxy derivative 
of ampicillin. It is stable in the presence of 
gastric acid and better absorbed from the 
gastrointestinal tract in the presence of 
food than ampicillin. It also produces less 
gastrointestinal disturbance than ampicil- 
lin, and since it has antibacterial activity 
similar to that of ampicillin, it is rapidly 
replacing this drug in therapeutics. The 
Centers for Disease Control recommends 
amoxicillin as the agent of choice in the 
primary treatment of uncomplicated gon- 
orrhea. It is administered in a 3-g single 
oral dose along with 1 g probenecid (to 
slow renal excretion of the amoxicillin), fol- 
lowed by 500 mg of tetracycline 4 times 
daily for 7 days. This regimen has the ad- 
vantage of single-dose effectiveness 
against gonorrhea, combined with effec- 
tiveness against Chlamydia trachomatis 
which is also often present in patients with 
gonorrhea and is the most common cause 
of postgonococcal urethritis. A 250-mg oral 
dose gives a peak blood level of 4.3 fig per 
ml. The usual dose is 250 to 500 mg, orally, 

3 times a dav. 

J 


PRESCRIPTION PRODUCTS. Amoxil* Lar- 
otid®, Polymox®, Trimox®, Utimox®, 
Wymox®. 

Bacampicillin hydrochloride is hydro- 
lyzed to ampicillin during absorption from 
the gastrointestinal tract. Because it is more 
completely absorbed than ampicillin, it is 
administered in lower total daily dosages, 
with 400 mg chemically equivalent to 280 
mg of ampicillin, and it sustains effective 
serum levels when given every 12 hours. 
Food does not interfere with the absorption 
from the tablets, but the suspension should 
be administered on a fasting stomach. The 
usual dose is 400 to 800 mg every 12 hours. 

PRESCRIPTION PRODUCT. Spectrobid®. 

Cyclacillin is acid-stable and rapidly and 
well absorbed from the gastrointestinal 
tract. The peak concentration after a 500- 
rng dose is 4 times higher than that of am- 
pirillin and about 1.5 times the peak con- 
centration of oral amoxicillin. Although cy- 
clacillin has an antimicrobial spectrum 
similar to that of ampicillin, in vitro it has 
less activity than ampicillin against many 
organisms. It has been approved for treat- 
ment of respiratory tract infections, otitis 
media, skin infections caused by gram- 
positive cocci and Haemophilus influenzae, 
and urinary tract infections caused by Esch- 
erichia coli and Proteus mirabilis. The usual 
dose range is 250 to 500 mg 4 times daily. 

PRESCRIPTION PRODUCT. Cyclapen-W®. 

Extended-Spectrum Penicillins (Active 
Against Pseudomonas aeruginosa) 

Carbenicillin disodium is a carboxyben- 
zyl penicillin with increased antibacterial 
activity' against gram-negative bacilli. The 
D- and L-isomers display only slight differ- 
ences in biologic activity and undergo 
rapid interconversion when in solution; 
therefore, the racemic mixture is used. Car- 
benicillin is a drug of choice in the treat- 
ment of Pseudomonas aeruginosa infections 
and is an alternate antibiotic in Escherichia 
coli, Enterobacter, and Proteus infections. 
The antibiotic can be administered in suf- 
ficient dosage (up to 40 g daily) to obtain 
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serum concentrations exceeding 50 to 60 jxg 
per ml. Such concentrations inhibit most 
Pseudomonas aeruginosa strains. Clinical ef- 
ficacy may be enhanced by combination 
therapy of carbenicillin disodium with gen- 
tamicin or tobramycin in full therapeutic 
dosages. Carbenicillin is particularly effec- 
tive in urinary tract infections because of 
very high urine levels achieved by intra- 
muscular injection. The usual dose, intra- 
muscularly or intravenously, is the equiv- 
alent of 1 to 2 g of carbenicillin, 4 times a 
day and, by intravenous infusion, up to 40 
g a day. Carbenicillin indanyl sodium is 
also available for oral administration. The 
usual dose is 382 to 764 mg, 4 times a day. 

PRESCRIPTION PRODUCTS. Carbenicillin 
disodium: Geopen®, Pyopen®; carbenicil- 
lin indanyl sodium: Geocillin®. 

Ticarcillin disodium is the thienyl ana- 
log of carbenicillin and has the same anti- 
microbial spectrum and indications. Evi- 
dence suggests that it is somewhat more 
active than carbenicillin, particularly 
against Pseudomonas aeruginosa. It is also 
used in combination with gentamicin and 
tobramycin. The usual dose for uncompli- 
cated urinary tract infections is 1 g every 6 
hours, either intramuscularly or intrave- 
nously. For urinary tract infections with 
complications, the intravenous dose is 150 
to 200 mg per kg per day in divided doses 
every 4 to 8 hours. For systemic infections, 
the adult intravenous dose is 200 to 300 mg 
per kg of body weight daily in divided 
doses every 3, 4, or 6 hours. 

PRESCRIPTION PRODUCT. Ticar®. 

Mezlocillin sodium is an ureidopenicil- 
lin similar to carbenicillin and ticarcillin in 
its antibacterial spectrum. It is active 
against gram-positive cocci, and* most 
strains of Haemophilus influenzae and gon- 
ococcus are highly susceptible to mezlocil- 
lin. It is more active in vitro than carbeni- 
cillin and ticarcillin against susceptible 
strains of enteric gram-negative bacilli such 
as Escherichia coli , Klebsiella , and Enterobac- 
ter. The activity of mezlocillin against Pseu- 
domonas aeruginosa is comparable to that of 


ticarcillin. It is available for intravenous or 
intramusuclar use. For life-threatening in- 
fections, it should be given intravenously 
in a dose of 4 g every 4 hours. 

PRESCRIPTION PRODUCT. Mezlin®. 

Piperacillin sodium is an aminobenzyl- 
penicillin derivative with an antibacterial 
spectrum similar to that of mezlocillin. It 
is active in vitro against gram-positive 
cocci, enteric gram-negative bacilli, and 
many anaerobes. It is less active than pen- 
icillin G against pneumococci and group A 
(3-hemolvtic streptococci. It is more active 
in vitro than carbenicillin, ticarcillin, or am- 
picillin against Escherichia coif Klebsiella , 
and Enterobacter; however, it is 4 to 16 times 
more active than carbenicillin, ticarcillin, or 
mezlocillin against Pseudomonas aeruginosa. 
Piperacillin is available for intramuscular or 
intravenous use. For serious infections, the 
maximum dose is 3 to 4 g every 4 to 6 
hours. No more than 2 g should be given 
intramuscularly at any one site. 

PRESCRIPTION PRODUCT. Pipracil®. 

Azlocillin sodium is an ureidopenicillin 
with a spectrum of activity similar to those 
of mezlocillin and piperacillin. Against 
Pseudomonas aeruginosa , it is more active in 
vitro than carbenicillin, ticarcillin, or mez- 
locillin, and it is similar to piperacillin. 
After equal doses, serum levels ot azlocillin 
are higher than those obtained with mez- 
locillin or ticarcillin. Since azlocillin, 
mezlocillin, and piperacillin are all mono- 
sodium salts, these agents are less likely to 
cause fluid retention than carbenicillin or 
ticarcillin, which are disodium salts. For 
serious infections in adults, 3 to 4 g of azlo- 
cillin can be given every 4 to 6 hours up to 
a maximum of 24 g daily. 

PRESCRIPTION PRODUCT. Azlin®. 

Amidinopenicillin 

Amdinocillin represents a new class of 
3-lactam antibiotics. It is a semisynthetic 6- 
amidino-penicillanic acid. Since it contains 
the 3~l a ctam-thiazolidine fused ring struc- 
ture, it can be considered a close relative 
of the penicillins. This change in the chem- 
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ical structure, however, is associated with 
a marked alteration in its antibacterial spec- 
trum and mechanism of action. Amdino- 
cillin is considerably more active against 
gram-negative bacilli than against gram- 
positive cocci, whereas the reverse is true 
for penicillin G. Amdinocillin interferes 
with bacterial wall synthesis in Escherichia 
coli by binding principally to penicillin 
binding protein 2 (PBP-2). Other (3-lactam 
antibiotics bind mostly to PBPs-1 and -3, 
which suggests that concurrent use of am- 
dinocillin with other (3-lactams might have 
a synergistic effect on susceptible bacteria. 
The recommended dosage is 10 mg per kg 
every 4 to 6 hours intravenously or intra- 
muscularly. 

PRESCRIPTION PRODUCT. Coactin®. 

Penicillins Combined with Ciavulanic Acid 

Clavulanic acid is a fermentation product 
of Streptomi/ces clcivuligerus, structurally re- 
lated to the penicillins. Although only 
weakly antibacterial on its own, clavulanic 
acid is capable of irreversibly inactivating 
bacteria] (3-lactamases responsible for an- 
tibiotic resistance. Clavulanic acid acts 
synergistically with (3-lactamase-sensitive 
penicillins and cephalosporins, and cla- 
vulanic acid concentrations of 5 ug P er m l 
or less may decrease the in-vitro MICs of 
these antibiotics against bacteria normally 
resistant to therapeutically useful levels. 
The synergy mainly results from the pro- 
tection afforded to the sensitive antibiotic 
caused by the inactivation of (3-lactamase 
by clavulanic acid. 



Clavulanic Acid 


The combination of amoxicillin and po- 
tassium clavulanate is a (3-lactam antibiotic 
with a (3-lactamase inhibitor. The addition 
of clavulanic acid extends the in vitro ac- 
tivity of amoxicillin to include (3-lactamase- 


producing strains of Haemophilus influenzae, 
Escherichia coli , Proteus , Klebsiella pneumon- 
iae, and Staphylococcus aureus. The combi- 
nation is available in tablets for oral use 
containing 250 and 500 mg of amoxicillin. 
Each tablet strength contains 125 mg of po- 
tassium clavulanate; therefore, two250-mg 
tablets are not equivalent to one 500-mg 
tablet, and the higher dose of clavulanic 
acid is more likely to cause diarrhea. The 
usual adult dosage is 250 mg every 8 hours, 
and 500 mg every 8 hours is recommended 
for severe infections. 

PRESCRIPTION PRODUCT. Augmenting 

A combination product of ticarcillin di- 
sodium and potassium clavulanate is 
available for parenteral treatment of uri- 
nary tract, skin and soft tissue, and lower 
respiratory tract infections, and sepsis due 
to susceptible organisms. When clavulanic 
acid is added to ticarcillin, a striking in- 
crease in activity occurs against (3-lacta- 
mase-producing strains of Staphylococcus 
aureus . Haemophilus influenzae, gonococcus, 
Escherichia coli, and Klebsiella . The usual 
adult dosage is 3 g of ticarcillin and 100 mg 
of clavulanic acid every 4 to 6 hours ad- 
ministered by intravenous infusion over 30 
minutes. 

PRESCRIPTION PRODUCT. Timentin®. 

Cephalosporins and Other (3-Lactam 
Antibiotics 

In 1945, Brotzu isolated a microorganism 
from sea water collected near a sewage out- 
let off the coast of Sardinia and noted its 
antagonism to both gram-positive and 
gram-negative bacteria. The organism was 
identified as Cephalosporium acremonium. 
Abraham and his coworkers at Oxford re- 
ported the isolation of 3 substances with 
antibiotic activity from cultures of this or- 
ganism during 1955 and 1956. These me- 
tabolites were a steroid (cephalosporin P) 
that has achieved no therapeutic signifi- 
cance, penicillin N, and cephalosporin C. 
Cephalosporin C is biosynthetically related 
to the penicillins (see page 333) and resem- 
bles these antibiotics in many of its biologic 
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and chemical properties. The major differ- 
ence is a 7-aminocephalosporanic acid nu- 
cleus which has a fused dihydrothiazine (3- 
lactam ring system rather than the fused 
thiazolidine (3-lactam system of 6-amino- 
penicillanic acid. The degree of antibacte- 
rial activity of cephalosporin C is only mod- 
erate, and it is not used therapeutically. 
However, it is produced by fermentation 
in large quantities to serve as a starting 
material for the chemical production of the 
semisynthetic cephalosporin antibiotics 
(Fig. 12-16). 

The cephamycins are (3-lactam antibiot- 
ics that are closely related chemically to 
the cephalosporins. They are produced by 
actinomycetes rather than fungi and are 7- 
a-methoxycephalosporms. Cephamycin 
C, which is produced by Streptomycins lac- 
tamdurans, serves as a starting material for 
the chemical synthesis of cefoxitin, the 
only cephamycin antibiotic currently avail- 
able for therapeutic use. 

A new group of antibiotics related to the 
cephalosporins has been obtained through 
partial synthesis from penicillin. In these 
antibiotics the dihydrothiazine ring of the 
cephalosporins has been replaced by a di- 
hydrooxazine ring. Apparently the sulfur 
atom in the cephalosporin ring system is 
not a requirement for high antibiotic activ- 
ity. These antibiotics have been designated 
oxalactams. in this group, moxalactam is a 
7-a-methoxyoxalactam derivative in which 
the methoxy group protects the oxalactam 
nucleus from (3-lactamase hydrolysis. 

Imipenem is another new type of (3-lac- 
tam antibiotic. It is a member of a class of 
antibiotics containing the carbapenem nu- 
cleus in which the sulfur atom of penicillin 
has been replaced by a carbon atom. 
Thienamycin, which is a naturally occur- 
ring carbapenem compound produced by 
Streptomyces cattleya , serves as the starting 
material for the synthesis of imipenem (N- 
formimidoylthienamycin). 

The cephalosporins and related antibiot- 
ics can be divided into first, second, and 
third generation agents based on in-vitro 


antibacterial activity. The first generation 
cephalosporins, suth as cephalothin and 
cefazolin, are active against most gram- 
positive cocci, Haemofkilus influenzae , and 
some strains of gram-negative enteric ba- 
cilli, including Escherichia coli, Klebsiella 
pneumoniae , and Pro'teus nnrabilis. The sec- 
ond generation groxp, which includes, 
among others, the cephalosporins cefa- 
mandol and cefuroxime, as well as cefox- 
itin, a cephamycin, is mere active against 
Haemophilus influenzae , gonococcus, enteric 
gram-negative bacilli, and some strains of 
anaerobes. The third generation group, 
which includes moxalactam (an oxtoiac- 
tam), imipenem (a carbapenem), and many 
cephalosporins, is active against enteric 
gram-negative bacilli, gonococcus, menin- 
gococcus, and anaerobes such as Bacter- 
oides fragilis; it has varying effectiveness 
against Pseudomonas aeruginosa. 

In general, progression from first to third 
generation drugs reveals a broadening 
gram-negative spectrum, a loss of efficacy 
against gram-positive organisms, and a 
greater efficacy against resistant orga- 
nisms. First generation drugs are generally 
inactivated by (3-lactamase-producing or- 
ganisms. Second and third generation 
agents are distinguished by an increasing 
resistance to (3-lactamase inactivation. 

The cephalosporins and related 3-lactam 
antibiotics inhibit cell-wall formation, and 
this general mode of action explains their 
relatively low toxicity. Hypersensitivity is 
a frequent side effect of the cephalospo- 
rins. Some cross-sensitivity reactions in pa- 
tients allergic to penicillin necessitate care 
in administering cephalosporins to individ- 
uals who are allergic to penicillin. Pseu- 
domembranous colitis has been reported 
with the use of cephalosporins. 

First Generation Agents 

Cephalothin, cefazolin, cephapirin, ce- 
phradine, cephalexin, cefadroxil, and ce- 
faclor have antibacterial activity similar to 
that of ampicillin. They are effective 
against gram-positive bacteria, including 
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penicillinase-producing Staphylococcus 
(Table 12-3). The first generation cepha- 
losporin antibiotics are resistant to penicil- 
linase, but they are inactivated by another 
p-lactamase, cephalosporinase. Certain 
gram-negative organisms, including Hae- 
mophilus influenzae , Escherichia coli, Proteus 
mirabilis, and Klebsiella pneumoniae , are sen- 
sitive to these cephalosporins. Species of 
Enterobacter and Pseudomonas as well as 
most indole-producing species of Proteus 


are resistant to this, group. The suscepti- 
bility of Haemophilus influenzae is quite var- 
iable, and, generally, the first generation 
cephalosporins are less active against this 
organism than are the extended-spectrum 
penicillins such as ampieillin. The cepha- 
losporins penetrate most tissues well ex- 
cept that, unlike the penicillins, they are 
unpredictable in the manner in which they 
cross the blood-brain barrier; conse- 
quently, the first generation cephalospo- 


Table 12-3. Therapeutically Important Cephalosporin and Other p-Lactam Antibiotics 


Generic Name 

Prescription 

Products 

Usual Dose 

Peak Blood 
Levels 

First Generation: 

Cephalothin sodium 

Keflin H 

500 mg to 1 g every 4 to 6 hours par- 

30-64 pg/ml b 

Cefazolin sodium 

Kefzol® 

enterally 

300 mg to 1.5 g every 6 to 8 hours par- 

185-189 pg/ml" 

Cephapirin sodium 

Ancef® 

Cefadyl® 

enterally 

500 mg to 1 g every 4 to 6 hours par- 

40-73 pg/mP 

Cephradine 

Velosef® 

enterally 

500 mg to 1 g 4 times daily parenteral- 

86 pg/mP 

Cephalexin 

Anspor® 

Keflex* 

ly or 

250 mg every 6 hours or 

500 mg every 12 hours orally 

250 mg every 6 hours orally 

9 pg/ml* 

9 pg/mP 

Cefadroxil 

Duricef® 

500 mg to 1 g, 2 times daily orally 

9 pg/ml i 

Cefaclor 

U1 traced 
Ceclor® 

250 mg every 8 hours orally 

6 pg/ml c 

Second Generation: 

Cefamandole nafate 

Mandol CK1 

500 mg to 1 g every 4 to 8 hours par- 

88-139 pg/mP 

Cefuroxime sodium 

Zinacef® 

enterally d 

750 mg to 1.5 g every 8 hours paren- 

43-98 pg/mP 

Cefonicid sodium 

Monocid® 

terally 

1 g per 24 hours pa rente rally 

221 pg/mP 

Ceforanide 

Precef® 

500 mg to 1 g every 12 hours parenter- 

125 pg/mP 

Cefoxitin sodium 

Mefoxin® 

ally 0 

1 to 2 g everv 6 to 8 hours parenteral- 

ly 

1 g every 6 to 8 hours parenterally 

56-110 pg/ml b 

Third Generation: 
Cefotaxime sodium 

Claforan® 

81-102 pg/mP 

Ceftizoxime sodium 

Cefizox® 

1 to 2 g every 8 to 12 hours parenteral- 
ly 

1 to 2 g every 12 hours parenterally' 

61-84 pg/mP 

Cefopcrazone sodium 

Ccfobid® 

73-153 pg/ml" 

Ceftazidime 

Fortaz® 

1 g every 8 to 12 hours parenterally 1 

69-90 pg/mP 

Ceftriaxone sodium 

Tazidime® 

Rocephin® 

1 to 2 g once daily parenterally 

151 pg/mP 

Moxalactam disodium 

Moxam® 

2 to 6 g per day in divided doses every 

71—94 pg/ml" 

Imipenem/cilastatin 

Primaxin* 1 ' 

8 hours parenterally 

1 g every 6 hours intravenously 

— 


“Either intramuscularly or intravenously. 
b l g intravenous dose. 

T hour after a 250-mg oral dose. 
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rins should never be considered an ade- 
quate substitute for the penicillins in 
treating meningitis. The MIC values for 
these antibiotics range from 0.007 |j.g per 
ml for strains of Streptococcus to 16 |xg per 
ml for strains of Haemophilus influenzae. The 
first generation cephalosporins used or- 
ally, namely, cephalexin, cefadroxil, cefa- 
clor, and cephradine (the last is also used 
parenterally), are less effective than the 
parenteral cephalosporins against Escher- 
ichia coli, Proteus mirabilis , and species of 
Klebsiella. The orally effective cephalospo- 
rins can be used to treat infections caused 
by gram-positive bacteria, and because of 
the high concentration of these antibiotics 
excreted in the urine, e.g., 1000 jxg per ml 
following a 250-mg oral dose of cephalexin, 
they are used to treat urinary* tract infec- 
tions caused by Escherichia coli , Proteus mir- 
abilis, and Klebsiella species. Because of a 
prolonged excretion, cefadroxil has the ad- 
vantage of providing more sustained 
serum and urine concentrations than are 
obtained with other oral cephalosporins. 
Clinical studies indicate that cefadroxil, 1 
g twice daily, is as effective as cephalexin, 
500 mg 4 times daily. Cefaclor inhibits Hae- 
mophilus influenzae , including ampicillin-re- 
sistant strains, at an in-vitro MIC of 2 |xg 
per ml, which makes it more active against 
this organism than are other available oral 
cephalosporins. 

Cephalothin can cause thrombophlebitis 
when administered intravenously in doses 
larger than 6 g daily for periods longer than 
3 days; also, intramuscular injection of this 
antibiotic may be painful. Cefazolin is the 
first cephalosporin marketed that seems to 
be devoid of these undesirable side effects. 

Second Generation Agents 

Cefamandole nafate, cefuroxime, cefo- 
nicid, ceforanide, and cefoxitin are class- 
ified as second generation agents. In gen- 
eral, they have the same spectrum of 
antibacterial activity as the first generation 
agents except that they are more active 
against Haemophilus influenzae , gonococcus, 


some enteric gram-negative bacilli, and an- 
aerobes. The parenteral drugs cefaman- 
dole, cefuroxime, and cefonicid are about 
equally effective against Haemophilus influ- 
enzae, but ceforanide is less active. Cefur- 
oxime and cefoxitin are effective against 
most strains of gonococcus, and menin- 
gococcus can be treated with cefuroxime 
because it reaches therapeutic concentra- 
tions in cerebrospinal fluid. Cefoxitin is in- 
dicated against the anaerobe Bacteroides fra- 
gilis; the other second generation agents 
are not. 

Cefoxitin and cefuroxime have a high de- 
gree of resistance to many of the (3-lacta- 
mases that can hydrolyze the commonly 
used cephalosporins. In the case of cefox- 
itin, this resistance is attributable to the 
steric hindrance around the 7 position of 
the cephamycin nucleus because of the 7- 
a-methoxy group. Cefuroxime has a meth- 
oxyimino group on its acyl side chain, 
which increases its resistance to (3-lacta- 
mase. 

The serum half-life of cefonicid is much 
longer than that of the other second gen- 
eration agents, probably because of a high 
degree of protein binding. This allows for 
once a day dosing. 

Cefamandole contains a methyl- 
tetrazolethiomethvl group at position 3 of 
the cephalosporin nucleus that has been 
associated with prothrombin deficiency 
and, sometimes, with bleeding. In addi- 
tion, this group may inhibit aldehyde de- 
hydrogenase, which may result in alcohol 
intolerance as a result of a disulfiram-like 
reaction. 

Third Generation Agents 

Cefotaxime, ceftizoxime, cefoperazone, 
ceftazidime, ceftriaxone, moxalactam, and 
imipenem/cilastatin are third generation 
agents. They are differentiated from first 
and second generation drugs by their ex- 
tended activity against enteric gram-neg- 
ative bacilli, including Enterobacter , and ac- 
tivity against some strains of Pseudomonas 
aeruginosa. Cefotaxime has superior in- 
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vitro activity against Escherichia coli, Kleb- 
siella, Enterobacter, Proteus, Haemophilus- in- 
fluenzae, and Neisseria, with 90% of the 
strains of these organisms inhibited at an 
MIC of 0.5 jig per ml or less. The activity 
of cefotaxime against Pseudomonas aerugi- 
nosa is remarkable in comparison with 
other cephalosporins and carbenicillin, 
with an MIC of 8 pg per ml or less against 
50% of the strains tested. 

Ceftizoxime has a spectrum of activity 
very similar to that of cefotaxime, but it has 
a slightly longer half-life that permits 8- to 
12-hour dosing as compared with 6 to 8 
hours for cefotaxime. Cefoperazone is less 
active than cefotaxime against enteric 
gram-negative bacilli but more active 
against Pseudomonas aeruginosa. Ceftazi- 
dime has activity similar to that of cefotax- 
ime and ceftizoxime in vitro but is more 
active against Pseudomonas aeruginosa and 
less active against staphylococci and Bac- 
teroides fragilis. Ceftriaxone has only mod- 
erate activity against some strains of Pseu- 
domonas aeruginosa. Most strains of 
meningococcus, gonococcus, and Haemo- 
philus influenzae (including ampicillin-re- 
sistant strains) are highly susceptible to 
this antibiotic. Its longer half-life allows for 
once a day dosing. 

Moxalactam has a spectrum of activity 
similar to that of cefotaxime; however, its 
use may be limited because of the occur- 
rence of serious bleeding disorders. This 
agent as well as cefamandole and cefoper- 
azone contains the methyltetrazolethio- 
methyl group, which may cause hypopro- 
thrombinemia (see page 348). 

Imipenem/cilastatin sodium is a fixed- 
dose combination product in a 1:1 ratio. 
Imipenem is a member of a class of anti- 
biotics containing the carbapenem nucleus. 
It is prepared synthetically as the N-form- 
imidoyl derivative of thienamycin, an an- 
tibiotic produced by Streptomyces cattleya. 

When imipenem is administered alone, 
it is rapidly hydrolyzed to an inactive me- 
tabolite by dehydropeptidase-I which is 
present on the brush border of the proxi- 


mal renal tubular cells; consequently, ad- 
equate antibacterial levels are not reached. 
This disadvantage has been overcome by 
the coadministration of the dehydropep- 
tidasc inhibitor cilastatin sodium, the so- 
dium salt of a derivatized heptenoic acid. 



Cilastatin 


Data on both in-vitro and in-vivo studies 
suggest that imipenem/cilastatin inhibits 
90% or more of the clinically important 
pathogens at an MIC of 8 pg per ml or less; 
therefore, clinical applications for this 
agent would be in infections resistant to 
other antibiotics and in the treatment of 
mixed infections that would otherwise re- 
quire multiple antibiotics. 


Chloramphenicol 

Chloramphenicol was originally ob- 
tained from a culture of Streptomyces vene- 
zuelae Burkholder that was isolated in 1947 
from a soil sample collected near Caracas, 
Venezuela. Because the organism had not 
been described previously, Burkholder ap- 
plied the name venezuelae to the species. 
This antibiotic attracted considerable atten- 
tion because it was the first truly broad- 
spectrum antibiotic discovered. Its spec- 
trum of action includes gram-negative and 
gram-positive bacteria, a number of rick- 
ettsial pathogens, and a few viruses. 

Chemically, chloramphenicol proved to 
be fairly simple. Its most unusual feature 
was the presence of a nitro group on a nor- 
mal biologic metabolite. The molecular 
skeleton of the antibiotic suggested a bio- 
synthetic origin via phenylpropanoid me- 
tabolism. Experimental studies with radio- 
active precursors have confirmed a 
shikimic acid-phenylpropanoid pathw r ay 
for the biosynthesis of chloramphenicol, 
but the pathway apparently branches from 
normal phenylpropanoid metabolism prior 
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to the formation of phenylalanine or ty- 
rosine. p-Aminophenylpyruvic acid has 
been suggested as an early metabolite in 
the biosynthetic pathway, and subsequent 
steps involving transamination, hydroxy- 
lation, acylation, reduction of the carboxyl 
group, and terminal oxidation of the amino 
group are suspected (Figure 12-17). 

The relative simplicity of the chloram- 
phenicol molecule led to the early devel- 
opment of feasible synthetic procedures for 
commercial production of the antibiotic. 
This antibiotic is unique with respect to the 
successful development of totally synthetic 
means for commercial production. Four 
isomers exist; the active one is D(-)-threo- 
2,2-dichloro-N-[P-hydroxy-a-(hydroxy- 
methyl)-p-nitrophenethyl]acetamide. 

Chloramphenicol acts by inhibiting pro- 
tein synthesis at the ribosome level. It 
binds preferentially to the 50S subunit of 
microbial 70S ribosomes and disrupts pep- 
tidyl transferase, the enzyme that catalyzes 


peptide bond formation. Other types of in- 
volvement can be detected experimentally, 
but their significance for therapeutic ap- 
plication of the antibiotic is unknown. The 
relative lack of affinity for mammalian 80S 
ribosomes presumably explains the low in- 
cidence of adverse reactions with chlor- 
amphenicol. However, occasional devel- 
opment of aplastic anemia (estimated to be 
1:25,000 or less) and related blood dyscra- 
sias, which may be irreversible and fatal, 
introduces a serious limitation on the ther- 
apeutic utility of this antibiotic. When 
chloramphenicol is employed, the blood 
picture should be monitored daily or on 
alternate days for evidence of changes in 
the reticulocytes or other abnormalities. 
Biochemical details of the toxicities have 
not been clarified fully, but microbial re- 
duction by the gut flora of the nitro func- 
tion in a small percentage of the ingested 
chloramphenicol may be a contributing fac- 
tor. 
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Other antibiotics now provide alternate 
means of controlling many pathogens for- 
merly controlled only by chloramphenicol, 
which should be used only in serious in- 
fections caused by susceptible organisms 
when other less dangerous antibiotics are 
ineffective or contraindicated. Third gen- 
eration cephalosporins are frequently em- 
ployed alternatives if parenteral adminis- 
tration is no problem. Chloramphenicol 
may still be the drug of choice for acute 
typhoid fever, other severe Salmonella in- 
fections, and rickettsial infections in chil- 
dren between 1 and 8 years of age. Peni- 
cillin hypersensitivity and renal 
insufficiency present considerations that 
could favor the use of chloramphenicol 
over ampicillin and tetracycline, respec- 
tively. Microbial resistance to chloram- 
phenicol is characterized in many cases by 
acetylation of the antibiotic. The greatest 
resistance problem occurs with Pseudo- 
monas, but episomal R-factor transfer 
causes some resistance in other gram-neg- 
ative bacteria. Multiple resistance to chlor- 
amphenicol and the |3-lactam antibiotics is 
known in some gram-positive cocci and 
some strains of Haemophilus influenzae. 

Chloramphenicol is stable, but esters of 
the antibiotic are employed in certain phar- 
maceutic formulations for solubility pur- 
poses. These esters are hydrolyzed in the 
body to release the physiologically active 
molecule. The insoluble palmitate ester is 
used in some oral formulations to avoid the 
bitter taste of the antibiotic, and the mono- 
sodium succinate ester is used for greater 
water solubility in preparations for intra- 
venous use. Tissue esterases are not as ef- 
ficient as pancreatic esterases, and approx- 
imately one third of parenterally 
administered chloramphenicol is elimi- 
nated renally as the inactive ester. 

The usual dose is the equivalent of 50 
mg of chloramphenicol per kg of body 
weight daily in 4 divided oral doses or in- 
travenously in 2 or 3 divided doses. The 
antibiotic is absorbed readily on oral 
administration; the usual dose gives blood 


levels of approximately 10 ftg per ml in 2 
to 4 hours. The MIC range for most clini- 
cally sensitive bacteria is 0.2 to 2.0 |xg per 
ml, but higher doses of the antibiotic are 
required occasionally for pathogens with 
an MIC in the 15 to 50 pg per ml range. 
Chloramphenicol is 60% protein bound in 
the blood, diffuses readily into other body 
tissues and fluids, and has a normal bio- 
logic half-life of between 2 and 5 hours. 
Hepatic conjugation with glucuronic acid 
inactivates approximately 90% of the anti- 
biotic prior to tubular excretion. The bal- 
ance of the antibiotic is eliminated in free 
form by glomerular filtration; rapid renal 
clearance yields urine concentrations of ac- 
tive chloramphenicol that are adequate for 
therapeutic purposes, but this antibiotic is 
rarely indicated for urinary tract infections. 

PRESCRIPTION PRODUCTS. Chloromyce- 
tin®, Mychel®. 

Lincomycin and Clindamycin 

Lincomycin is produced by Streplomyces 
lincolncnsis. it has an amide function in the 
molecule and may be derived by a com- 
bination of amino acid and carbohydrate 
metabolites. Clindamycin (7-chioro-7- 
deoxylincomycin) is synthetically derived 
from lincomycin. These antibiotics have 
primarily gram-positive spectra, including 
pneumococci, staphylococci, and strepto- 
cocci, with the exception of Streptococcus 
faecalis; the anaerobic spectra (both gram- 
negative and gram-positive) are also rec- 
ognized as distinctive and significant. Clin- 
damycin appears slightly more effective 
quantitatively than lincomycin; the MICs 
for most bacteria susceptible to clindamy- 
cin are in the 0.01 to 3.1 gg per ml range 
compared with a range of 0.02 to 6.2 |xg 
per ml for lincomycin. 

These antibiotics inhibit protein synthe- 
sis by a mechanism closely related to that 
of chloramphenicol and erythromycin. 
They all bind to the same site on the 50S 
subunit of 70S ribosomes. Erythromycin 
has a greater affinity for the site and thus 
effectively antagonizes the action of clin- 
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damycin or lincomycin. The absence of 
aerobic gram-negative spectra for clinda- 
mycin and lincomycin may relate to their 
inability to penetrate the cell walls of these 
bacteria. Microbial resistance to clinda- 
mycin and lincomycin slowly develops, 
but resistant strains are commonly resist- 
ant to multiple antibiotics, especially to 
erythromycin. 

These antibiotics yield effective serum 
levels readily and exhibit no appreciable 
protein binding or accumulation, but their 
significant biologic properties show some 
variation. Clindamycin is more rapidly and 
completely absorbed and is more readily 
eliminated from the body. The usual 500- 
mg dose of lincomycin gives a peak serum 
level of 1.8 to 5.3 fxg per ml in 4 hours and 
has a normal half-life in the 4 to 6 hour 
range. Food does reduce the serum levels 
that are achieved with lincomycin, and 
administration on an empty stomach is rec- 
ommended to avoid this problem; an ex- 
tended half-life necessitates dosage ad- 
justment in cases of renal disease or hepatic 
complication. Food does not influence the 
absorption of clindamycin, and the slight 
extension of antibiotic half-life with renal 
dysfunction tends to be insignificant clin- 
ically. The usual 300-mg dose of clinda- 
mycin gives a peak serum level of 2.6 to 
3.6 pg per ml in 1 to 2 hours, and the nor- 
mal half-life is between 2 and 4 hours. 

Both clindamycin and lincomycin can 
cause severe colitis and pseudomembra- 
nous colitis, which may end fatally. It is 
recommended that their use be reserved 
for serious infections caused by susceptible 
anaerobic bacteria or by pneumococci, 
staphylococci, or streptococci in patients 
with mitigating considerations, such as 
penicillin hypersensitivity. Distribution of 
these antibiotics in bone also favors their 
use in staphylococcal osteomyelitis. 

Lincomycin is available in formulations 
of the HC1 salt, and the usual adult dose 
is the equivalent of 500mg of the antibiotic 
orally, 3 to 4 times a day, 600 mg intra- 
muscularly, 1 or 2 times \ day, and 600 mg 


by intravenous infusion (over a period of 
not less than 1 hour) every 8 to 12 hours. 
PRESCRIPTION PRODUCT. Lincocin®. 



*Esterified (palmitate or phosphate) in some for- 
mulations of clindamycin. 

Clindamycin is available in formulations 
of the HC1 salt (capsules) and of the HC1 
salt of the palmitate ester (suspension) for 
oral administration and of the phosphate 
ester for parenteral use. The palmitate and 
phosphate esters are inactive per se, but 
they are readily hydrolyzed to clindamycin 
in the body; gradual hydrolysis of the 
phosphate ester following intramuscular 
administration gives a flattened, delayed 
peak serum concentration and a half-life of 
approximately 5 hours. The usual adult 
dose is the equivalent of 150 to 450 mg of 
the antibiotic, orally, 4 times a day and 300 
mg, intramuscularly or intravenously, 2 to 
4 times daily. The usual pediatric dose is 
the equivalent of 8 to 25 mg per kg per day 
divided into 3 or 4 equal doses. 

PRESCRIPTION PRODUCT. Cleocin®. 

Cycloserine 

Cycloserine or D-4-amino-3-isoxazo- 
lidinone is probably the simplest metabo- 
lite with useful antibiotic activity. It can be 
produced by cultures of Streptomyces errehi- 
daceus or by synthesis. Cycloserine has a 
fairly broad spectrum of activity, but its 
therapeutic utility is associated with its in- 
hibitory effect on Mycobacterium tuberculo- 
sis. This antibiotic inhibits alanine race- 
mase. The inhibitory action precludes the 
incorporation of D-alanine into the penta- 
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pep tide side chain of the murein compo- 
nent of bacterial cell walls, and this pre- 
sumably accounts for its antibiotic activity. 
Cycloserine sometimes causes an increase 
in the protein content of the cerebrospinal 
fluid, and this explains in part the CNS 
effects that may occur when doses exceed 
1 g daily. Manifestations of these side ef- 
fects are usually mental confusion, drow- 
siness, and coma; cases of psychosis or 
convulsions are known. 

Cycloserine is considered an antibiotic of 
second choice and is most frequently em- 
ployed in combination with isoniazid in 
treating tubercular patients who fail to re- 
spond to streptomycin. Cycloserine is 
readily absorbed following oral adminis- 
tration and is excreted rather rapidly via 
the kidneys, approximately 50% without 
metabolic alteration. The usual dose is 250 
mg twice a day; the blood level should be 
monitored and the dosage adjusted to keep 
the serum level below 30 pig per ml. 

PRESCRIPTION PRODUCT. Seromycin®. 


H 

Cycloserine 


Dactinomycin 

Dactinomycin or actinomycin D is ob- 
tained from selected strains of Streptomyces 
parvullus (formerly designated S. antibioti- 
cs). The molecule contains a phenoxazone 
chromophore that is linked to 2 cyclic poly- 
peptides. The N-methyl amino acids, sar- 
cosine and N-methyJvaJine, are present in 
the cyclopeptide portions of the antibiotic; 
this type of amino acid metabolite is un- 
common in the plant kingdom. Biosyn- 
thetic studies indicate that the phenoxa- 
zone portion of the molecule arises from 2 


molecules of tryptophan, presumably via 
the well-established pathway involving 
3-hydroxy-anthranilic acid. 



Dactinomycin is an antineoplastic agent 
and is used for hospital treatment of 
Wilms' tumor and several other types of 
carcinoma and sarcoma. Nausea is com- 
mon with intravenous administration of 
dactinomycin, and the best tolerance is ob- 
tained in isolated metastases when a per- 
fusion technique can be employed. The 
drug is available as a lyophilized powder 
with mannitol. The usual adult dosage reg- 
imen is 10 to 15 |xg per kg of body weight 
daily for 5 days by intravenous infusion; 
therapy is repeated at 4- to 6-week intervals 
and may involve concurrent administra- 
tion of other antineoplastic agents. 

PRESCRIPTION PRODUCT. Cosmegen®. 

Vidarabine 

Vidarabine is a purine nucleoside ob- 
tained from cultures of a strain of Strepto- 
myces antibioticus. It has antiviral activity 
against Herpes simplex virus types 1 and 2. 
It is indicated for treatment of encephalitis 
caused by the Herpes simplex virus; if treat- 
ment is initiated early, the mortality rate 
can be reduced from 70% to the 28% range. 
It acts by inhibiting viral DNA synthesis. 
Vidarabine is teratogenic to laboratory an- 
imals, and a safe dose for the human em- 
bryo or fetus has not been established. 

Vidarabine is administered by slow in- 
travenous infusion. It is rapidly deami- 
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nated in the body to arabinosylhypoxan- 
thine, a metabolite that has significantly 
less antiviral activity than does vidarabine. 
Excretion is renal, primarily as the deam- 
inated metabolite; arabinosylhypoxanthine 
has a half-life of 3.3 hours. 

The usual dosage regimen is 15 mg per 
kg of body weight per day by intravenous 
infusion over 12 to 24 hours for 10 days. 

PRESCRIPTION PRODUCT. Vira-A®. 



Polypeptide Antibiotics 

A fairly large number of polypeptides of 
bacterial origin, which contain both D- and 
L-amino acids, have antibiotic activity. 
However, only a few of these metabolites 
have therapeutic utility. These antibiotics 
are not absorbed from the intestinal tract, 
and nephrotoxicity is a potential problem 
if they are used systemically. Most of the 
useful peptide antibiotics have a predom- 
inantly gram-positive spectrum; excep- 
tions include the strongly basic poly- 
myxins, which are active primarily against 
gram-negative organisms, and the antineo- 
plastic bleomycin. These peptides have a 
surfactant property, and the polymyxins 
exert their effect by interacting with the 
lipid-rich anionic bacterial cell membrane. 
However, inhibition of mucopeptide syn- 
thesis in cell-wall formation by bacitracin 
appears to be more significant than mem- 
brane disruption for the action of this an- 
tibiotic, and inhibition of DNA synthesis is 
probably the most significant involvement 
of bleomycin. 

The polypeptide antibiotics tend to occur 
as mixtures of closely related compounds. 
Components of these mixtures often differ 


in only 1 or 2 amino acid residues; reso- 
lution of such mixtures is not feasible for 
therapeutic purposes. The use of selected 
strains of producing organisms controls 
the composition of commercial mixtures to 
a degree, and use of microbial assay for 
quantitation provides a reliable indication 
of therapeutic response against susceptible 
organisms. 

Polymyxin B is a mixture of antibiotics 
produced by Bacillus polymyxa (Praz- 
mowski) Migula. The mixture contains 
minimal amounts of the more toxic poly- 
myxins A, C, and D, but the polymyxin B 
component is actually a mixture of poly- 
myxins Bj and B 2 . Polymyxins Bj and B 2 
contain 10 amino acid residues in common 
and differ only in a 6-methyloctanoic acid 
residue in polymyxin and an isooctanoic 
acid residue in polymyxin B 2 . Both mole- 
cules have a cyclopeptidic structure and 
contain 6 residues of a,y-diaminobutyric 
acid. This latter feature gives a strongly 
basic character to the polymyxin antibiot- 
ics. 

Polymyxin B is normally employed as 
the sulfate salt, which must have a potency 
of not less than 6000 units per mg. Borde- 
tella bronchiseptica ATCC No. 4617 is used 
as the test organism for microbial assay of 
polymyxin B and the related colistin. 

Polymyxin B is not absorbed when ad- 
ministered orally and was formerly em- 
ployed for control of infections of the in- 
testinal tract caused by Shigella , 
Pseudomonas aeruginosa , and Escherichia coli. 
It is used topically in ointments (usually 
5000 or 10,000 units per g) and ophthalmic 
solutions (10,000 units per ml) and par- 
enterally as an alternate antibiotic. 
Nephro- and neurotoxicities occur fairly 
frequently when polymyxin B sulfate is 
used systemically, but it has some limited 
utility in serious infections of Pseudomonas 
aeruginosa and certain coliform bacilli that 
do not respond to other antibiotics, such 
as carbeniciilin or gentamicin. Polymyxin 
is excreted renally and is useful in con- 
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trolling resistant infections of the urinary 
tract. 

Biopharmaceutic considerations for the 
polymyxins are complex, and the available 
data lack significant utility in evaluating 
therapeutic situations. The antibiotic binds 
to bacterial and mammalian cell mem- 
branes and persists in various body tissues 
long after it has disappeared from the 
serum. The in-vitro MIC for most sensitive 
bacteria is in the lower end of the 0.02 to 
4.0 fig per ml range. 

The usual adult dose is, by intravenous 
infusion, 7500 to 12,500 units per kg of 
body weight in 300 to 500 ml of 5% dextrose 
injection, 2 times a day; it can also be ad- 
ministered intramuscularly or intrathe- 
cally. The dose should be reduced in per- 
sons with renal impairment; the high 
incidence of toxic manifestations in obese 
patients also suggests need for deviation 
from a dosage regimen based exclusively 
on weight. 

PRESCRIPTION PRODUCT. Aerosporin®. 

Colistin is obtained from cultures of Ba- 
cillus polymyxa var. colistinus and contains 
primarily colistin A (polymyxin E) with a 
small amount of colistin B. This antibiotic 
has essentially the same spectrum and 
therapeutic utility as polymyxin B. The sul- 
fate salt is used orally and topically, and 
the sodium salt of a methane sulfonate de- 
rivative (colistimethate) is used parenter- 
ally. 

The colistimethate is inactive, but active 
compounds are released in the body. Col- 
istimethate is considered the polymyxin 
formation of choice for intramuscular 
administration. It is less painful, gives 
higher serum levels (6 to 25 g,g per ml), is 
poorly bound to cell membranes, and has 
a shorter half-life (6 to 12 hours). It is 
claimed to have less systemic toxicity; how- 
ever, it is not free from nephro- and neu- 
rotoxicities, and special caution is neces- 
sary in cases of existing renal dysfunction. 

The usual dose of colistin is, orally, 5 to 
15 mg per kg of body weight daily in 3 
divided doses and, intramuscularly or in- 


travenously, 1.25 mg per kg, 2 to 4 times 
a day. 

PRESCRIPTION PRODUCTS. Sulfate salt: 
Coly-Mycin S®; colistimethate: Colv-Mycin 
M®. 

Bacitracin is produced by an organism 
of the licheniformis group of Bacillus subtilis 
Cohn & Prazmowski and is a mixture of at 
least 5 polypeptides. The major component 
of the mixture is bacitracin A, which is a 
dodecylpeptide with 5 of the amino acid 
residues arranged in a cyclic structure. Bac- 
itracin must have a potency of not less than 
40 units per mg, unless it is intended for 
parenteral use; in the latter case, the po- 
tency must be not less than 50 units per 
mg. Bacitracin is assayed microbiologically 
using Micrococcus flavus ATCC No. 10240. 

This antibiotic is active against a wide 
range of gram-positive bacteria. Bacitracin 
or zinc bacitracin is a component in many 
ointment formulations for the control of 
topical infections; ointments usually con- 
tain 500 units per g. Parenteral formula- 
tions of bacitracin are available, but sys- 
temic use is rarely justified owing to 
problems of nephrotoxicity and to the in- 
creasing availability of less toxic alternate 
antibiotics. Indications for systemic use are 
restricted to infants with staphylococcal 
pneumonia and empyema caused by sus- 
ceptible organisms; it should be used only 
where adequate laboratory facilities are 
available and when constant supervision 
of the patient is possible. It is administered 
intramuscularly, 2 or 3 times a day, using 
a dosage regimen based on age and body 
weight. 

Tyrothricin is a mixture of polypeptide 
antibiotics produced by Bacillus brevis 
Dubos. The peptides of tyrothricin can be 
grouped into 2 major categories called 
gramicidin and tyrocidin. At least 3 poly- 
peptides representing each group are pres- 
ent in commercial tyrothricin. The tyroci- 
dins are basic, usually occur in tyrothricin 
mixtures as the HC1 salts, and constitute 
the majority of the mixtures.' The neutral 
gramicidins are most active against gram- 
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positive cocci and usually account for 20 to 
25% of tyrothricin mixtures. Gramicidin is 
soluble in an acetone-ether mixture, and 
this solvent can be used to dissolve selec- 
tively the gramicidin fraction. Gramicidin 
is a component in formulations for control 
of topical infections and has replaced tyro- 
thricin for such purposes. 

Capreomycin is a mixture of peptides 
produced by Streptomyces capreolus. Ca- 
preomycin I is the major component (not 
less than 90%); capreomycin II accounts for 
most of the balance of the mixture. Fre- 
quent nephrotoxicity is observed with ther- 
apeutic use of this antibiotic. Ototoxicity 
with irreversible auditory impairment and 
changes in hepatic function are also en- 
countered. 

The antibiotic is used as an alternate an- 
titubercular agent in susceptible strains of 
Mycobacterium tuberculosis when other pri- 
mary agents, such as streptomycin, isoni- 
azid, and rifampin, are ineffective. It is ad- 
ministered intramuscularly as the sulfate 
salt, and the usual dose is the equivalent 
of 1 g of the antibiotic daily for 2 to 4 
months, then 1 g, 2 or 3 times a week. 

PRESCRIPTION PRODUCT. Capastat®. 

Vancomycin is a mixture of glucopep- 
tides produced by Streptomyces orientalis. 
The structure of the primary component of 
the mixture has been determined to be a 
complex tricyclic aglycone linked glyco- 
sidically to glucose and vancosamine moie- 
ties. The molecule contains 1 free carbox- 
ylic acid residue, 2 chloro-substituted 
aromatic units, and 7 amide bonds, one of 
which is a primary amide. It is assayed mi- 
crobiologically using Bacillus subtilis ATCC 
No. 6633. 

Vancomycin has a gram-positive spec- 
trum, and the HC1 salt is used primarily as 
an alternate antibiotic for treating septi- 
cemia or endocarditis caused by staphy- 
lococci that are resistant to other antibiot- 
ics. The antibiotic is not absorbed orally, 
but oral administration is used for the treat- 
ment of staphylococcal enterocolitis and 
antibiotic-associated pseudomembranous 


colitis produced by Clostridium difficile. 
Vancomycin acts on bacterial cell walls by 
inhibiting murein biosynthesis at some 
step after formation of the nucleotide pen- 
tapeptide. 

Intramuscular administration is painful 
and frequently associated with local necro- 
sis; thus, systemic therapy with vanco- 
mycin employs intravenous infusion over 
a period of 20 to 30 minutes. The usual 
parenteral dose is 500 mg, 4 times a day. 
This dosage regimen maintains a serum 
level of 1 0 /Jig per ml or more for 1 to 2 
hours from the time of injection; most sen- 
sitive bacteria have MICs in the 0.2 to 5.0 
jjig per ml range. The antibiotic has a half- 
life of approximately 6 hours and is ex- 
creted renally. Ototoxicity is the most fre- 
quently encountered side effect; the risk is 
increased with high doses, prolonged ther- 
apy, or renal insufficiency. 

The usual oral dose is also 500 mg, 4 
times a day. 

PRESCRIPTION PRODUCT. Vancocih®. 

Bleomycin is a mixture of antineoplastic 
glycopeptides produced by Streptomyces 
verticiUus . The mixture can be separated 
into A and B fractions, and more than a 
dozen individual components have been 
reported. Bleomycin A 2 is the major con- 
stituent, composing between 55 and 70% 
of the mixture. Bleomycin B 2 (25 to 32%) is 
the second major constituent, and material 
intended for medicinal use must contain 
not more than 1% of bleomycin B 4 . Bleo- 
mycin is standardized biologically, and the 
potency is expressed in units; bleomycin 
sulfate contains not less than 1.5 units and 
not more than 2 units of bleomycin per mg. 

Bleomycin appears most useful for its 
palliative effect in some squamous cell car- 
cinomas, but it is useful in lymphomas, 
testicular carcinomas, and some soft tissue 
sarcomas. Its low myelosuppressive action 
may offer clinical advantages. However, 
pulmonary toxicity frequently necessitates 
discontinuation of therapy. Bleomycin is 
preferentially concentrated in tumors, and 
a bleomycin-technetium 99m complex has 
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diagnostic potential as a tumor-scanning 
agent. 

Bleomycin is administered parenteraily 
as the sulfate salt. The usual dosage regi- 
men is 0.25 to 0.5 units per kg of body 
weight once or twice weekly. 

PRESCRIPTION PRODUCT. Blenoxane®. 


ANTIBIOTICS DERIVED FROM ACETATE 
METABOLISM 

Acetate metabolism normally involves 
head-to-tail condensation of 2 carbon units 
or the formation of some type of isoprenoid 
compound. Both types of metabolism are 
basic to most protoplasmic systems, as evi- 
denced by the ubiquitous distribution of 
fatty acids and certain steroids. However, 
biosynthetically minor deviations at kev 
stages of normal acetate metabolism can 
result in uncommon metabolites, some of 
which have antibiotic activity. The thera- 
peutically useful antibiotics derived from 
acetate metabolism include the tetracy- 
clines, 2 macrolides, a few polyenes, and 
griseofulvin. These antibiotics are derived 
from polyketides, and their formation de- 
viates from the fatty acid pathway by a dis- 
ruption or lack of the normal reduction- 
dehydration-reduction sequence as the 
chain elongates. Subsequent metabolic 
steps yield the characteristic constituents. 

Tetracyclines 

The tetracyclines are a group of actino- 
mycete antibiotics that have a broad spec- 
trum and considerable therapeutic utility 
(Fig. 12-18). Chlortetracycline was discov- 
ered by Duggar in 1948 from Streptomyces 
aureofaciens. S. rintosus yielded oxytetracy- 
cline in 1950, and tetracycline was found 
in the antibiotic mixture from S. aureofaciens 
in 1953. The latter observation resulted in 
patent problems, cross-licensing agree- 
ments, a number of legal challenges, and 
a major governmental investigation. Other 
minor tetracyclines occur in fermentation 
mixtures, but only 7-chloro-6-demethyl- 


tetracycline (demeclocycline) is currently 
used in therapy. 

Developments in the selection of mutant 
strains and in manipulations to control 
chlorination and methylation have proved 
useful in the fermentative production of 
various tetracyclines. The presence of ami- 
nopterin or other methylation inhibitors in 
the nutrient mixture favors the formation 
of 6-demethyl tetracyclines, and com- 
pounds such as mercaptothiazole aid tet- 
racycline production by inhibiting chlori- 
nation. Initially, tetracycline was prepared 
in commercial quantities by catalytic de- 
halogenation (hydrogenolysis) of chlortet- 
racycline, but fermentation procedures are 
currently more advantageous. Doxycy- 
cline, methacycline, and minocycline, 
however, are semisynthetic antibiotics that 
are prepared by chemical modification of 
oxytetracycline or tetracycline. 

BIOSYNTHESIS OF TETRACYCLINES. Stud- 
ies with radioactive compounds have 
confirmed that tetracycline antibiotics orig- 
inate through acetate-malonate metabo- 
lism. Mutant strains of tetracy- 
cline-producing organisms have been 
selected for genetic blocks in the biosyn- 
thetic pathway and have been used to clar- 
ify a number of the sequential steps. 

It is believed that a malonamyl-CoA res- 
idue serves as a primer and that 8 malonate 
units undergo stepwise condensations 
with the addition of C 2 units and decar- 
boxylation to yield a linear C ly polyketide 
(Fig. 12-19). Carbonyl-methylene conden- 
sations yield the tetracyclic pretetramide 
nucleus. Methylation of the C-6 position of 
the pretetramide is an early step in the bio- 
synthesis of most tetracyclines, but this 
step is omitted in the formation of the nat- 
urally occurring demethyltetracyclines. 
Hydroxylation of the C-4 position and de- 
aromatization to yield a 4-keto intermedi- 
ate appears to precede 7-chlorination. Hal- 
ogenation must precede introduction of 
the 4-amino group, which is methylated 
stepwise. Terminal reactions in the biosyn- 
thetic sequence are hydroxylation at C-6 
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Fig. 12-18. Structures of commercially available tetracyclines. 
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Fig. 12-19. Biosynthesis of chlortetracy dine. 
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and reduction of a double bond in ring B. 
The 5-hydroxy group in oxytetracycline is 
probably introduced before the reduction 
of ring B; it is interesting to note that the 
presence of a 7-halogen substituent appar- 
ently inhibits 5-hydroxylation. 

PROPERTIES AND USES OF THE TETRACY- 
CLINES. All tetracyclines are reasonably sta- 
ble and are absorbed adequately upon oral 
administration. These amphoteric sub- 
stances are most stable in acid and least 
stable in alkali. The tetracycline antibiotics 
are usually employed as the HC1 salts. 
Chlortetracvcline is the least stable of these 
antibiotics, but it is sufficiently stable for 
satisfactory oral usage. 

Calcium ions in dairy products tend to 
cause erratic and unsatisfactory absorption 
of the tetracyclines. Best absorption is ob- 
tained when caution is used in scheduling 
the administration of these antibiotics to 
avoid interference from heavy metal ions 
in foods or in such preparations as alu- 
minum hydroxide-containing antacids. 
Phosphate combinations may be used in 
tetracycline formulations to reduce the im- 
pact of heavy metal ions on absorption. 
Doxycycline and minocycline are absorbed 
more readily than the other tetracycline an- 
tibiotics, their absorption is influenced to 
a lesser degree by food and milk, and their 
slower renal clearance favors prolonged 
maintenance of blood levels. Doxycycline 
appears to be the tetracycline of choice 
when absorption is a problem. The biologic 
properties of minocycline resemble those 
of doxycycline, but it is considered a spe- 
cialty tetracycline at this time. The indica- 
tion for parenteral use of tetracycline an- 
tibiotics is uncommon. 

The tetracyclines have a broad spectrum 
of activity that includes gram-negative and 
gram-positive bacteria, rickettsia, some of 
the larger viruses, and some intestinal 
amoebae. Tetracyclines are often consid- 
ered the antibiotics of choice for treatment 
of brucellosis, cholera, relapsing fever, and 
infections caused by Chlamydia , Myco- 
plasma, Yersinia (Pasteurella), and rickettsia. 


The tetracyclines are effective, alternate- 
choice antibiotics for treating a large num- 
ber of other infections. The action spectra 
for the various tetracyclines are qualita- 
tively comparable, but lower median MICs 
may favor the use of doxycycline or min- 
ocycline in some cases. Normal serum lev- 
els on oral regimens are 2 to 4 fxg per ml. 

The usual serum half-lives of the various 
tetracyclines are 5 to 6 hours for chlorte- 
tracy cline, 8 to 9 hours for tetracycline, 9 
to 10 hours for oxytetracycline, 12 to 14 
hours for demeciocycline and methacy- 
cline, and 17 to 19 hours for doxycycline 
and minocycline. These antibiotics are 
eliminated by biliary excretion, glomerular 
filtration, and metabolism. There is exten- 
sive enterohepatic recycling of the tetra- 
cycline antibiotics, even after parenteral 
administration. Urinary excretion usually 
accounts for 20 to 50% of the tetracyclines; 
the rate of renal clearance is slowest for 
doxycycline and minocycline. Metabolic 
degradation of these antibiotics is relatively 
insignificant, except for chlortetracycline 
and doxycycline; doxycycline does not ac- 
cumulate in patients with renal impair- 
ment and is the indicated tetracycline in 
such cases. 

Resistance to the tetracyclines developed 
slowly, but it has become a serious clinical 
consideration, especially with pneumo- 
cocci, staphylococci, streptococci, and such 
gram-negative pathogens as Escherichia coli 
and Shigella species. It has been suggested 
that penicillins, unless specifically con- 
traindicated, should be selected in prefer- 
ence to the tetracyclines for treating sus- 
ceptible coccal infections. Tetracycline 
resistance is characterized by an increasing 
median MIC for strains of various patho- 
gens; the mechanism appears to invdlve 
decreased cell permeability to the antibiot- 
ics. 

Tetracyclines exert their action by inhib- 
iting protein synthesis. The antibiotics in- 
terfere with the binding of aminoacyl- 
tRNA to acceptor sites on the 30S subunit 
of microbial 70S ribosomes. Tetracyclines 
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can also attack mammalian 80S ribosomes, 
but preferential penetration and concen- 
tration of these antibiotics in bacterial cells 
presumably explain the infrequent occur- 
rence of major side effects. 

The most frequently encountered ad- 
verse effect of tetracycline therapy is alter- 
ation of the intestinal flora; this is usually 
manifested by an overgrowth of Candida 
albicans, but the incidence of tetracycline- 
associated staphylococcal enterocolitis is 
increasing. Hypersensitivities may occur; 
the most serious is a photosensitivity that 
occurs most often with demedocycline. 
The staining of teeth by deposition of tet- 
racyclines in the calcium complex is a basis 
for selecting alternate antibiotics when 
treating children during the second den- 
tition period. Hepatotoxicity can also 
occur, especially in pregnant women, and 
is usually associated with high blood levels 
resulting from parenteral administration or 
renal deficiency. The ability of some tet- 
racyclines to complex with calcium ion can 
depress plasma prothrombin activity, and 
patients who are also on anticoagulant 
drugs may require dosage adjustment. 

Chlortetracycline or 7-chlorotetracy- 
cline was the first tetracycline antibiotic 
available for therapeutic purposes. Satis- 
factory results can be obtained with this 
antibiotic, and it is still available in for- 
mulations for topical use, including 
ophthalmic purposes. Therapeutic use of 
other tetracycline antibiotics has replaced 
its oral and intravenous uses in human 
medicine, but chlortetracycline is still em- 
ployed in veterinary medicine. 

PRESCRIPTION PRODUCT. Aureomycin®. 

Tetracycline is the least expensive and 
most commonly utilized tetracycline anti- 
biotic. It is available in a large number of 
formulations of the tetracycline base, HCI 
salt, and phosphate complex. The usual 
dosage schedules are based on the equiv- 
alence to tetracycline HCI and are 250 to 
500 mg, orally, 4 times a day; 250 mg, in- 
tramuscularly, once a day or 100 mg, 3 
times a day by this route; and 250 to 500 


mg, intravenously, 2 times a day. Prepa- 
rations for topical use are also available. 

Low oral doses of tetracycline (250 mg 
per day) have been used successfully to 
treat chronic severe cases of acne. The sci- 
entific basis for this therapeutic use is un- 
clear. It may be a combination of antibiotic 
activity reducing slightly the skin popula- 
tion of Staphylococcus epidermidis and Coryn- 
ebacterium acnes and of the potential inhib- 
iting effect of tetracycline on bacterial 
lipase from the latter species. It is believed 
that acne lesions are related to the irritation 
caused by free fatty acids in the sebum. 
Risks of Candida superinfection or other 
toxic responses are minimal with the low 
dosage regimen, but the prospects for en- 
couraging the selection of resistant strains 
should preclude the use of tetracycline in 
trivial cases of acne. 

PRESCRIPTION PRODUCTS. Achromycin®, 
Cycline®, Cydopar®, Deltamycin®, Nor- 
Tet®, Panmycin®, Retet®, Robitet®, Su- 
mycin®, Tetra-C®, Tetracap®, Tetracyn®, 
Tetralan®, Tetram®; phosphate complex: 
Tetrex®. 

Oxytetracycline or 5-hydroxytetracy- 
cline is available in various formulations 
for oral, parenteral, and topical purposes. 
The insoluble calcium salt is used in oral 
suspensions, and the oxytetracycline base 
and the HCI salt are employed, as appro- 
priate, in other dosage forms. The usual 
dosage schedule is the same as that for 
tetracycline. 

PRESCRIPTION PRODUCTS. Oxymycin®, 
Terramycin®, Uri-Tet®. 

Demedocycline or 7-chloro-6-demethyl- 
tetracycline has greater acid stability than 
the tetracyclines with a 6-methyl substit- 
uent. The better absorption and slower ex- 
cretion by the body of this tetracycline an- 
tibiotic provide blood levels that offer some 
minor therapeutic advantages. Demeclo- 
cycline is used orally as the HCI salt. The 
usual dose is 600 mg daily in 2 to 4 divided 
doses. 

PRESCRIPTION PRODUCT. Declomycin® 

Doxycycline or 6-deoxy-5-hydroxytetra- 
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cycline is prepared from oxytetracyciine by 
chemical dehydration and reduction. It is 
readily absorbed following oral adminis- 
tration, slow excretion gives prolonged 
blood levels, and no significant accumu- 
lation is noted with renal impairment. A 
suspension of doxycycline base is used or- 
ally, and formulations of the water-soluble 
doxycycline hyclate are available for oral 
and intravenous administration. The usual 
oral dosage regimen is the equivalent of 100 
mg of the antibiotic 2 times a day for 1 day, 
then 50 to 100 mg 2 times a day. The usual 
intravenous schedule is 200 mg on the first 
day, administered in 1 or 2 infusions, then 
100 or 200 mg daily, depending on the se- 
verity of infection. 

PRESCRIPTION PRODUCTS. Doxy®', Doxy- 
chel®, Vibramycin®. ^ 

Methacycline is prepared from oxytetra- 
cyciine by chemical dehydration; it has a 
methylene function in the 6-position. The 
utility of methacycline is associated with 
good oral absorption, and a prolonged 
serum half-life. It is used orally as the HC1 


salt, and the usual dose is 600 mg daily in 
2 or 4 divided doses. 

PRESCRIPTION PRODUCT. Rondomycin®. 

Minocycline is prepared by reductive 
methylation of 7-nitro-6-demethyl-6- 
deoxy tetracycline. It is readily absorbed 
from the intestinal tract, has a slow renal 
clearance to give prolonged blood levels, 
and is characterized by lower MICs than 
other tetracycline antibiotics for some path- 
ogens. Minocycline is especially useful for 
treating Neisseria gonorrhoene when penicil- 
lin is contraindicated and for carrier states 
of N. meningitidis. It is used as the HC1 salt, 
and the usual oral or intravenous regimen 
involves a loading dose equivalent to 200 
mg of the antibiotic, then 100 mg, 2 times 
a day. 

PRESCRIPTION PRODUCT. Minocin®. 

Antineoplastic Anthracycline Derivatives 

The attention of medical investigators 
has been attracted to acetate-derived poly- 
cyclic metabolites of actinomycetes other 
than the tetracycline antibioses. Dauno- 
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rubicin, doxorubicin, and plicamycin are 3 
such metabolites; they occur as glycosides 
and have been judged to have utility in 
treating some neoplastic conditions. 

Plicamycin is produced by Streptomyces 
agrillaceus and S. plicatus. Plicamycin inhib- 
its DNA replication by forming a stable 
cross-link between the 2 strands of double- 
stranded DNA. It is indicated primarily for 
treatment of disseminated testicular carci- 
noma when surgery and radiation are con- 
traindicated. Severe toxic reactions restrict 
administration of plicamycin to selected 
hospitalized patients, and the therapeutic 
response tends to be inconsistent, lhe 
usual antineoplastic dosage regimen is, by 
intravenous infusion, 25 to 30 *rg per kg of 
body weight in 1 liter of 5% dextrose in- 
jection over a period of 4 to 6 hours once 
a day for 8 to 10 days or until hematologic 
or biochemical toxicities require discontin- 
uation. Plicamycin can also be considered 
for symptomatic control in patients with 
hypercalcemia and hypercalciuria second- 
ary to a variety of advanced neoplasms. 

The antibiotic is unstable, and the lyo- 
philized preparations should be stored at 
a temperature between 2 and 8° C. Once 
reconstituted, any unused solution must 
be discarded. 

PRESCRIPTION PRODUCT. Mithracin®. 



Daunorubicin: R = H 

Doxorubicin is produced bv Streptomyces 
peucetius var. caesius. It causes remission in 
a wide ran^e of solid tumors, but unfor- 
tunately, the remission is short-lived in 
many cases. It shows promise in treatment 


of some acute leukemias, soft tissue sar- 
comas, breast cancer, and several types of 
carcinoma. It is often used as a component 
in combination chemotherapeutic regi- 
mens. 

Doxorubicin is rapidly metabolized in 
the liver (carboxyl reduction) to give an ac- 
tive alcoholic metabolite, adriamycinol. It 
inhibits DNA-dependent RNA synthesis. 
Doxorubicin exhibits a high incidence of 
bone marrow depression and other side ef- 
fects, such as severe local tissue necrosis 
and serious irreversible myocardial dam- 
age. Complications associated with altered 
blood coagulation, leg vein thromboses, 
and pulmonary infarcts are claimed to 
present few r er problems with doxorubicin 
than with daunomycin. 

Doxorubicin is administered intrave- 
nously as the HC1 salt. It is excreted in the 
bile, and enterohepatic recycling gives an 
extended blood level. Slow renal elimina- 
tion gives a red coloration to the urine for 
1 or 2 days after administration of the drug. 
The recommended adult dose is 60 to 75 
mg per square meter of body surface at 21- 
dav intervals. 

PRESCRIPTION PRODUCT. Adriamycin®. 

Daunorubicin is produced by Strepto- 
myces coernleorubidus . It is similar to doxo- 
rubicin in many of its biologic and chemical 
properties. Daunorubicin is used to treat 
acute lymphocytic and nonlymphocytic 
leukemias, usually as a component of com- 
bination chemotherapeutic regimens. It 
undergoes rapid reductive metabolism in 
the liver to give the active daunorubicinol. 

Daunorubicin is administered intrave- 
nously as the HC1 salt. The usual adult 
dose is 30 to 60 mg per square meter of 
body surface for 2 or 3 days at 3- to 4-week 
intervals. The pediatric dose is 25 mg per 
square meter of body surface once a week. 
The incidence of cardiotoxicity increases 
significantly for children and adults when 
the total cumulative doses exceed 300 and 
550 mg per square meter of body surface, 
respectively. 

PRESCRIPTION PRODUCT. Cerubidine®. 
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Mitomycin 

Mitomycin C is one of the antineoplastic 
substances produced by Streptomyces caes- 
pitosus. It is not significantly more effective 
than other anticancer agents, and it causes 
more serious adverse reactions than most. 
It is considered useful in the treatment of 
disseminated adenocarcinoma of the stom- 
ach or pancreas and is an alternate drug in 
advanced metastatic conditions of various 
types that have become resistant to other 
chemotherapeutic agents. The response 
rate has been low, as anticipated in such 
high-risk situations, and remission is usu- 
ally of short duration. 



Mitomycin C is inactive per se; the active 
form is produced metabolically in situ and 
apparently acts as an alkylating agent to 
suppress DNA synthesis. Local tissue ne- 
crosis may occur, but severe bone marrow 
depression is the most serious side effect. 
The usual dosage regimen is, intrave- 
nously, 20 mg per square meter of body 
surface, either as a single dose or as di- 
vided doses over 10 days. 

PRESCRIPTION PRODUCT. Mutamycin®. 

Macrolide Antibiotics 

Macrolide antibiotics are characterized 
by a macrolactone ring that is glycosidically 
linked to one or more sugars. Biosynthetic 
studies have established that the macro- 
lactone ring is formed by a condensation 
of acetate and/or propionate units, appar- 
ently via malonyl-CoA and 2-methylmal- 
onyl-CoA. Methyl substituents on the lac- 
tone ring appear to be residual from 
incorporation of propionate units rather 
than from terminal biologic methylation. 
The sugar components of these antibiotics 
are usually deoxysugars, at least one sugar 


residue is routinely an aminosugar, and 
both N-methyl and O-methyl groups of 
methionine origin are common. Experi- 
mental data suggest that these uncommon 
sugars are derived from glucose. Thus, the 
macrolides must be considered products of 
both acetate and carbohydrate metabolism. 
It is suspected that glycosidation is a ter- 
minal reaction in the pathway. 

Erythromycin and oleandomycin (Fig. 
12-20) are the only macrolide antibacterial 
agents currently used in therapy. They are 
produced by actinomycete fermentation, 
and the large number of asymmetric cen- 
ters in these antibiotics (19 in erythromycin 
A) suggests that the potential for chemical 
modification to develop analogs with im- 
proved antibiotic activity is limited and that 
total chemical synthesis will undoubtedly 
never become feasible. The macrolactone 
ring is unstable in gastric acidity, a factor 
that must be considered when devising 
pharmaceutic formulations. Enteric coat- 
ing can be used to deliver the antibiotic to 
the intestinal tract where it is readily ab- 
sorbed. The use of insoluble esters, which 
are hydrolyzed in the intestine and else- 
where in the body, also protects the mac- 
rolide antibiotics. This approach offers the 
additional advantage of masking the bitter 
taste of these antibiotics in oral suspen- 
sions. Erythromycin is absorbed readily 
from the rectum and may be administered 
by this route. 

Erythromycin and oleandomycin - have 
predominantly gram-positive Spectra that 
resemble those of the penicillins and lin- 
comycin. Erythromycin is slightly more ac- 
tive than oleandomycin, but these anti- 
biotics both have utility, primarily in 
treating pneumococcal and hemolytic 
streptococcal infections when penicillins 
are contraindicated or ineffective. Eryth- 
romycin appears to be the antibiotic of 
choice when treating infections of Legion- 
ella pneumophila. 

Staphylococci frequently become resist- 
ant to the macrolides, and this introduces 
a practical limitation on their therapeutic 
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Fig. 12-20. Structures of erythromycin and oleandomycin. 


applications to many strains of these path- 
ogens. Several mechanisms of bacterial re- 
sistance to macrolides appear to exist. A 
lack of effective antibiotic penetration of 
cell membrane explains the relative insen- 
sitivity of most grain-negative bacteria to 
these antibiotics, and similar permeability 
considerations seem to characterize some 
resistant strains of normally susceptible 
species. Destruction of the antibiotics is not 
a known factor in resistance, but evidence 
in some cases suggests antibiotic-induced 
change in the ribosomal structure and an 
R-factor transfer. 

The macrolides exert their action by in- 
hibiting the synthesis of essential proteins. 
Most of the experimental information has 
been obtained with erythromycin. It binds 
to the 50S subunit of microbial 70S ribo- 
somes; it does not inhibit peptide bond for- 
mation, but it does block the translocation 
of the peptidyl-tRNA from the acceptor site 
to the donor site. 

Except for hepatotoxicity in adults taking 
erythromycin estolate, serious adverse re- 
actions are uncommon with the macrolide 
antibiotics. They are claimed to be the saf- 
est of all currently available antibiotics. Epi- 
gastric distress is the most frequently en- 
countered side effect, but this can be 
reduced bv administering the antibiotic 
with meals. Pseudomembranous colitis has 


been reported; a temporary hearing loss 
has also been noted in some older patients, 
in patients taking unusually high doses of 
the antibiotic, and in patients with renal 
insufficiency. The hepatotoxicity can occur 
with several macrolide formulations, es- 
pecially erythromycin estolate and triace- 
tvloleanodomycin when used for longer 
than 10 days. The high incidence of cho- 
lestatic jaundice in adults taking erythro- 
mycin estolate has prompted most practi- 
tioners to restrict the use of this ester to 
young children. 

Erythromycin was isolated in 1952 from 
cultures of Streptomyces erythreus. The com- 
mercial product is primarily erythromycin 
A, but it also contains small amounts of 2 
related antibiotics that have been desig- 
nated erythromycins B and C. Erythro- 
mycin B lacks the 12-hydroxyl group that 
is present in erythromycin A, and eryth- 
romycin C has a hydroxyl group rather 
than a methoxy group in the sugar corre- 
sponding to cladinose. 

On oral administration erythromycin is 
absorbed primarily in the lower intestinal 
tract, and absorption is most efficient for 
lipid-soluble nonionized forms. Food 
somewhat retards absorption, and plasma 
levels vary depending on the form of the 
drug and on whether it is administered to 
a fasting patient. The highest levels are ob- 
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tained with fasting patients and the esto- 
late form of the antibiotic, but most ther- 
apeutic needs are met satisfactorily by any 
of the available formulations and without 
rigorously excluding the impact of food. 
There are analytic problems in evaluating 
effective in-vivo levels of erythromycin for- 
mulations, and considerable uncontrolled 
data can be noted in the literature. When 
the ester form is employed, a relatively 
large portion (65 to 80% for erythromycin 
estolate) of the drug is still unhvdrolyzed 
at the time of peak serum level and thus is 
inactive. 

Normal peak serum levels that have 
been reported for the usual oral dosage reg- 
imens of erythromycin are between 0. 3 and 
5.0 (xg per ml. The antibiotic is distributed 
with unusual efficiency into most body 
fluids and tissues, except for the cerebro- 
spinal fluid. Pertinent MICs for erythro- 
mycin range from 0.01 to 3.1 g,g per ml, 
with most susceptible gram-positive cocci 
falling in the lower end of the range; path- 
ogens such as Haemophilus influenzae and 
Neisseria species have higher MICs and 
have more strains that are not susceptible 
to concentrations ordinarily achieved in 
therapy. 

The normal serum half-life of erythro- 
mycin is approximately 1.5 hours, and this 
is not prolonged greatly in anuria. Some 
erythromycin is excreted by the kidney (2.5 
to 10%),. there is extensive enterohepatic 
recycling, and most of the antibiotic is me- 
tabolized prior to elimination. The key in- 
volvement of hepatic metabolism may 
prompt the need for dosage reduction in 
cases of severe liver disease. 

Erythromycin is used orally in various 
formulations of the free base, the stearate 
salt, and the ethylsuccinate ester. The lau- 
ryl sulfate salt of the propionate ester (es- 
tolate) is used in pediatric dosage forms. 
The soluble glucoheptonate (gluceptate) 
and lactobionate salts are used for intra- 
venous administration. Ointments (usu- 
ally 1.0%) are also available for topical pur- 
poses. The usual dose, as the equivalent of 


erythromycin, is 250 mg, orally, 4 times a 
day for the free base and stearate prepa- 
rations; 400 mg, orally, 4 times a day for 
the ethylsuccinate; and 250 mg, intrave- 
nously by continuous or intermittent in- 
fusion, 4 times a day, for the gluceptate 
and lactobionate. 

PRESCRIPTION PRODUCTS. E-Mycin®, 
Eryc®, Ery-Tab®, Ilotycin®, Robimycin®, 
RP-Mycin®; estolate: Ilosone®; gluceptate: 
Ilotvcin®; ethylsuccinate: E.E.S.®, E-Mycin 
E®, EryPed®, Pediamycin®, Wyamycin E®; 
lactobionate: Erythrocin®; stearate: Brista- 
mycin®, Eramycin®, Erypar®, Erythrocin®, 
Ethril®, Pfizer-E®, Wyamycin S®. 

Oleandomycin was isolated in 1954 from 
a strain of Streptomyces antibioticus. The in- 
soluble triacetyl ester of oleandomycin (tro- 
leandomycin) is available in formulations 
for oral administration. The usual dose is 
250 to 500 mg, orally, 4 times a day. The 
biologic and chemical properties and the 
therapeutic considerations for troleando- 
mycin are essentially the same as those for 
comparable erythromycin formulations. 
Troleandomycin is an alternate for eryth- 
romycin, but it offers no advantage over 
erythromycin. 

PRESCRIPTION PRODUCT. Tao®. 

Polyenes 

The designation polyene, for practical 
considerations in medicine and pharmacy, 
refers to a group of amphoteric actinomy- 
cete metabolites that are characterized by 
a series of conjugated double bonds. These 
metabolites are unsaturated macrolides 
with macrolactone rings that are consid- 
erably larger than those of erythromycin 
and oleandomycin. They are usually cate- 
gorized on the basis of the number of con- 
jugated double bonds in the molecules. 
Nystatin and natamycin, tetraenes, and 
amphotericin B and candicidin, heptaenes, 
are the polyenes used in therapy. The poly- 
enes have no antibacterial activity, and 
their therapeutic utility is related to their 
antifungal action. The biologic activity of 


366 


ANTIBIOTICS 


these antibiotics is determined with var- 
ious strains of Saccharortiyces cerevisiae. 

The polyenes are fairly unstable, poorly 
absorbed from the intestinal tract, and rea- 
sonably toxic when administered system- 
ically. They are insoluble, and this property 
sufficiently protects these antibiotics from 
inactivation to permit local action in the 
intestinal tract following oral administra- 
tion. Limited solubility precludes intra- 
muscular administration of amphotericin 
3, the only polyene currently recom- 
mended for systemic use; therefore, this 
antibiotic is given by slow intravenous in- 
fusion of a formulation that contains so- 
dium deoxycholate to form a colloidal sus- 
pension of the polyene. 

The polyenes act by destroying the in- 
tegrity of the cellular membrane of suscep- 
tible organisms, and this action may be re- 
lated to the binding of the polyenes to 
steroids in the membranes and the for- 
mation of aqueous pores. Such a mecha- 
nism of action would explain the absence 
of antibacterial activity because bacterial 
membranes lack a steroid component. This 
type of interference with biologic processes 
may also account for at least one of the 
adverse reactions observed with systemic 
use of the polyenes; hemolytic anemia may 
result directly or indirectly from alteration 
in the formation or function of cholesterol- 
containing erythrocyte membranes. The 
most frequently observed toxicity with sys- 
temic use of amphotericin B is nephrotox- 


icity. Nephrotoxicity with this antibiotic is 
almost routine, is usually reversible upon 
cessation of therapy, and must be balanced 
against the need for control of systemic my- 
coses in justifying initiation and contin- 
uation of therapy in individual cases. 

Candida albicans is susceptible to the poly- 
enes, and control of Candida overgrowth 
induced by broad-spectrum antibiotic ther- 
apy is a major use of these antifungal 
agents. Use of polyenes to control Candida 
infections of such origin is justified, but 
routine incorporation of a polyene in for- 
mulations of tetracyclines for prophylactic 
purposes has been challenged. The chal- 
lenge is based, in part, on a concern for 
consequences of any increase in resistance 
to the polyenes and on a recognition that 
no alternate antifungal agents are currently 
available for treatment of systemic candi- 
diasis. 

Amphotericin B is produced by Strepto- 
myces nodosus , and the commercial product 
must contain not less than 750 jxg of am- 
photericin B per mg. The less active am- 
photericin A, a tetraene that is also present 
in the polyene fraction from cultures of this 
actinomycete, forms a soluble complex 
with calcium chloride; this manipulation is 
used in the commercial preparation of am- 
photericin B. 

Amphotericin B can be used for topical 
purposes, but its special therapeutic utility 
is intravenous administration for treat- 
ment of potentially life-threatening, dis- 
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seminated mycotic infections, such as 
blastomycosis, systemic candidiasis, coc- 
cidioidomycosis, cryptococcosis, histo- 
plasmosis, and moniliasis. The MICs of 
susceptible fungi range from 0.03 to 1.0 |xg 
per ml. This antibiotic is slowly eliminated 
from the body; the plasma half-life is about 
24 hours, and the elimination half-life of 
this strongly protein-bound drug is esti- 
mated to be 15 days. Effective blood levels 
can be maintained with daily administra- 
tion of a relatively low dose. The usual in- 
itial dose is 250 p.g per kg of body weight 
daily, and most regimens call for an in- 
crease in the dose every 2 to 4 days for 4 
to 8 weeks. Under no circumstances should 
a total daily dose exceed 1.5 mg per kg. 
The antibiotic is administered by slow in- 
travenous infusion over a period of 6 
hours. 

Experimental studies suggest that the ac- 
tion of amphotericin B on cell membranes 
may have potential use in an interesting 
type of synergistic combination therapy. 
The absence of an antifungal spectrum for 
a number of antibiotics that interfere with 
protein or RNA synthesis appears to relate 
to the lack of antibiotic penetration into the 
fungal cell. A low concentration of ampho- 
tericin B in combinations with other se- 
lected antibiotics, such as rifampin and 
tetracycline, seems to facilitate membrane 
passage of the normally excluded antibiot- 
ics; this synergistic action may open new 


improved therapeutic approaches for treat- 
ment of fungal infections. 

PRESCRIPTION PRODUCT. Fungizone®. 

Candicidin is a mixture of heptaenes 
produced by a strain of Streptomyces griseus. 
It has been formulated as an ointment and 
a suppository for control of vaginal can- 
didiasis. The recommended dose is 3 mg 
inserted twice daily for 14 days. 

Nystatin is a tetraene produced by Strep- 
tomyces noursei. The commercial material 
must contain not less than 4400 units of 
activity per mg. It is available in formula- 
tions for treatment of cutaneous, intestinal, 
and vaginal infections of Candida. MICs 
range from 1.5 to 6.5 jig per ml. The usual 
dose is 500,000 to 1 million units, orally, 3 
times a day or 100,000 units, intravaginally, 
1 or 2 times a day. 

PRESCRIPTION PRODUCTS. Candex®, Ko- 
rostatin®, Mycostatin®, Nilstat®, O-V Sta- 
tin®. 

Natamycin is a tetraene produced by 
Streptomyces natalensis. It is available as a 
5% ophthalmic suspension and is used to 
treat fungal blepharitis, conjunctivitis, and 
keratitis caused by susceptible organisms, 
including species of Aspergillus , Candida, 
Cephalosporium , Fusarium, and Penicillium. 
It is the drug of choice for keratitis caused 
by Fusarium solani, an infection occurring 
in hot, humid climates that frequently 
leads to blindness. 

One drop of a 5% suspension is instilled 
in the conjunctival sac at intervals of 1 or 
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2 hours; the frequency of application can 
be reduced to 1 drop, 6 to. 8 times daily 
after 3 or 4 days, but therapy normally 
should be continued for 14 to 21 days. 

PRESCRIPTION PRODUCT. Nafacyn®. 

Griseofulvin 

Griseofulvin was isolated from cultures 
of Penicillium griscofulvum in 1939, and it 
was utilized initially in plant pathology for 
its antifungal activity. Its value in thera- 
peutic control of dermatophytes was not 
recognized until 1958. 

Griseofulvin is also produced by a num- 
ber of other Penicillium species, including 
P. janczewski, P. nigrum , and P. pat\tlum. It 
arises biosynthetically from head-to-tail 
condensation of 7 acetate units. A polyke- 
tide is generally considered the basic pre- 
cursor (Fig. 12-21), and griseophenone C 
has been identified as an early intermediate 
in the pathway. Subsequent methylation 
and chlorination are believed to precede 
the oxidative coupling of the benzophe- 
none to the spiran, dehydrogriseofulvin. 
Presumably, the last step is reduction to 
yield griseofulvin. 

Griseofulvin is stable and only .slightly 
soluble in water. The insolubility of the 
drug leads to considerable variation in ab- 
sorption upon oral administration. For- 
mulations of microsize and ultramicrosize 
griseofulvin are used, and absorption can 
be facilitated further by administration 


with a high lipid' 1 meal. It is usually em- 
ployed systemically for control of some 
dermatophytes belonging to the genera Ep- 
idermophyton, Microspprium , and Trichophy- 
ton. Griseofulym is. incorporated prefer- 
entially into keratin; this factor explains the 
unusual oral administration of an antibiotic 
for dermatomycoses and griseofulvin's 
lack of therapeutic efficacy in deep my- 
coses. Sensitive fungi exhibit an unusually 
narrow range ofeMICs (0.22 to 0.44 jjig per 
ml). 

Further studies are necessary to establish 
conclusively the means by which griseo- 
fulvin exerts its antifungal action. It ap- 
pears to inhibit fungal cell mitosis by caus- 
ing disruption of the mitotic spindle 
structure. 

Griseofulvin is administered orally, and 
the usual dose of the microsize drug is 250 
mg, 2 times a day. The ultramicrosize drug 
achieves about 1.5 times the effect of the 
microsize form on a unit weight basis. A 
3- to 4-week treatment period is adequate 
for many conditions, but continued ther- 
apy for 6 to 12 months is necessary in some 
cases (e.g., infections of the fingernails or 
toenails). Griseofulvin is generally free of 
serious side effects; the most frequently en- 
countered adverse reactions involve hy- 
persensitivity, including occasional pho- 
tosensitive reactions. 

PRESCRIPTION PRODUCTS. Fulvicin®, Gri- 
fulvin®, Grisactin®, Gris-PEG®. 
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Fig. 12-21. Biosynthesis of griseofulvin. 
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Rifampin 

Rifampin is a semisynthetic antibiotic 
that is derived from rifamycin B, a metab- 
olite of Streptomyces mediterranei. Rifampin 
has a distinctive macrocyclic lactam struc- 
ture. The antibiotic inhibits DNA-depend- 
ent RNA-polymerase activity in susceptible 
cells. It has a good gram-positive and a 
moderate gram-negative spectrum, but its 
clinical significance is based primarily on 
the sensitivity of Mycobacterium tuberculosis 
to the antibiotic. It is recommended for 
treatment of pulmonary tuberculosis; it 
should be used in combination with at least 
one other antitubercular agent to avoid se- 
lective development of resistant strains of 
the tubercle bacillus. Rifampin is also use- 
ful in the treatment of asymptomatic car- 
riers of Neisseria meningitidis when the risk 
of meningococcal meningitis is high. 

Rifampin, in contrast to the naturally oc- 
curring rifamycins, is absorbed adequately 
on oral administration. Peak serum levels 
with usual dosage regimens are 4 to 32 pg 
per ml in 2 to 4 hours; the MICs of sensitive 
strains of M. tuberculosis have been re- 
ported to range between 0.006 and 0.5 pg 
per ml. The biologic half-life of rifampin is 
approximately 3 hours. Urinary excretion 
may account for elimination of up to 15% 
of the drug, but biliary excretion is the 
major pathway. Rifampin is deacetylated 
in the liver to give an antimicrobially active 
metabolite, and most of the antibiotic is in 


the deacetyl form when it is ultimately 
eliminated in the feces. Enterohepatic re- 
cycling of rifampin occurs, but the deacetyl 
form is not reabsorbed after biliary excre- 
tion. 

Rifampin is relatively free of toxicity. The 
most serious adverse reactions involve 
liver dysfunction, and the increased risk of 
toxicity in persons with liver damage, such 
as chronic alcoholics, may preclude the use 
of this antibiotic. Unfortunately, there is a 
high incidence of tuberculosis among al- 
coholics. 

Rifampin is administered orally, and the 
usual dose is 600 mg, once a day. It should 
be taken 1 hour before or 2 hours after 
meals to avoid food interference with ab- 
sorption. Patients should be advised that 
the antibiotic may color stools, urine, sa- 
liva, sweat, or tears a red-orange. 

PRESCRIPTION PRODUCTS. Rifadin®, Ri- 
mactane®. 

Novobiocin 

Novobiocin is produced by Streptomyces 
niveus and S. spheroides. The structure of 
novobiocin suggests an unusual biosyn- 
thetic origin for this antibiotic; it appears 
to involve moieties derived from amino 
acid, acetate, and carbohydrate metabolic 
pathways. 

The activity spectrum for novobiocin is 
predominantly gram-positive. Staphylo- 
cocci tend to be unusually sensitive to this 
antibiotic (MIC range of 0.1 to 2.0 jxg per 
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ml, but resistance develops rapidly), and 
it has been used as an alternate means for 
controlling penicillin-resistant staphylo- 
cocci. It is also useful in controlling some 
strains of Proteus vulgaris. However, no- 
vobiocin has a high incidence of adverse 
reactions (hypersensitivity, hepatic dys- 
function, and blood dyscrasias), and it is 
recommended only for p.se in serious in- 
fections when other less toxic drugs are 
ineffective or contraindicated. The penicil- 
linase-resistant penicillins and other avail- 
able antibiotics have obviated much of the 
former need for novobiocin; a number of 
authorities feel that its use can.no longer 
be justified. 

It is absorbed rapidly following oral 
administration. Peak serum levels of 10 to 
20 fxg per ml are achieved in 2 to 4 hours, 
and the normal plasma half-life is between 
2 to 4 hours. Renal elimination is insignif- 
icant (approximately 3%); excretion is pri- 
marily biliary, and there is some recycling. 
The hepatic toxicity of novobiocin may be 
explained, in part, by its interference with 
glucuronyl transferase and the consequent 
disruption in normal biliary excretion of 
various glucuronide conjugates. Strong 
protein binding of novobiocin and dis- 
placement of other substances from bind- 
ing sites also create a high risk for drug- 
drug interactions. 

Novobiocin is available as the calcium 
and sodium salts for oral administration. 
The usual dose is 250 mg every 6 hours. 

PRESCRIPTION PRODUCT. Albamycin®. 


ANTIBIOTICS DERIVED FROM 
CARBOHYDRATE METABOLISM 

Carbohydrates provide the basic meta- 
bolic substrate for the formation of essen- 
tially all microbial products, but this cate- 
gory of antibiotic substances is restricted to 
compounds that are derived directly from 
carbohydrate precursors and retain a rec- 
ognizable carbohydrate character. The 
therapeutically useful antibiotics derived 
from carbohydrate metabolism include 
amikacin, gentamicin, kanamycin, neo- 
mycin, netilmicin, paromomycin, spectin- 
omycin, streptomycin, and tobramycin. 

The chemical and biologic properties of 
these antibiotics are similar. Common 
chemical properties include water solubil- 
ity, a strongly basic character, and stability. 
The antibiotic molecules, except for spec- 
tinomycin, routinely have 2 to 3 uncom- 
mon sugars linked glycosidically to an 
amino-substituted cyclohexanyl aglycone. 
The designation, aminoglycoside antibiot- 
ics, is used as a generic term for these com- 
pounds. Normally, antibiotic mixtures of 
closely related molecules are obtained by 
fermentation, and resolution of the indi- 
vidual components is infeasible and un- 
necessary for therapeutic purposes. Ami- 
kacin and netilmicin are different because 
they are semisynthetic materials produced 
from kanamycin A and sisomicin, respec- 
tively. Spectinomycin is technically an ami- 
nocyclitol derivative rather than an ami- 
noglycoside, but a number of its key 
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properties are similar to those of the ami- 
noglycoside antibiotics. 

The aminoglycoside antibiotics have a 
wide spectrum of activity, including many 
gram-negative and gram-positive bacteria. 
These antibiotics are not absorbed follow- 
ing oral administration, and their systemic 
use is limited by nephro- and ototoxicities. 
The consequences of ototoxicity may be 
unusually serious. These antibiotics tend 
to damage both the auditory and vestibular 
branches of the 8th cranial nerve. Vestib- 
ular involvement is observed more fre- 
quently, especially with gentamicin and 
streptomycin. Symptoms include nausea, 
vertigo, and even vomiting, but recovery 
is usually complete when therapy is dis- 
continued. Damage of the auditory branch 
results in irreversible loss of hearing; au- 
ditory toxicity appears to be more common 
with amikacin, kanamycin, neomycin and 
netilmicin. 

The aminoglycoside antibiotics act on 
the 30S subunit of 70S ribosomal systems 
to induce specific misreading of the genetic 
codon and to inhibit the formation of es- 
sential bacterial proteins by interfering 
with the initiation complex between RNA 
and the 30S subunit or by disrupting trans- 
location. The misreading of coded infor- 
mation yields proteins that lack the dis- 
tinctive physiologic function of normal 
microbial proteins, but blockage of protein 
synthesis is believed to be the more ther- 
apeutically important mechanism of ac- 
tion. 

Emergence of resistant strains, especially 
of gram-negative bacilli, staphylococci, and 
mycobacteria, is becoming an increasing 
problem with the aminoglycoside antibiot- 
ics and has contributed, in part, to a de- 
creasing therapeutic utility, especially for 
kanamycin, neomycin, and streptomycin. 
Known mechanisms of resistance include 
chromosomal involvement (alteration of 
the reactive site on the 30S ribosomal sub- 
unit), plasmid transfer of extrachromo- 
somal R-factors, and exclusion of the an- 
tibiotic from the bacterial cell. The greatest 


clinical problems are associated with re- 
sistance caused by R-factor transfer; en- 
zymatic inactivation of one or more of the 
aminoglycosides is accomplished by ace- 
tylation, adenylation, or phosphorylation. 
Cross-resistance among the various ami- 
noglycoside antibiotics is often complete, 
but no or only partial cross-resistance is 
observed with some bacteria, depending 
on the nature of the metabolic inactivation 
that is involved. For example, if strepto- 
mycin is inactivated by phosphorylation of 
the 3-hydroxyl function of 2-deoxy-N- 
methylglucosamine, cross-resistance can 
be expected with kanamycin and paro- 
momycin; if the same position is adenyl- 
ated, cross-resistance occurs with specti- 
nomycin. 

The need for therapeutic control of gram- 
negative organisms and mycobacteria con- 
tributes to the therapeutic importance of 
the aminoglycoside antibiotics. However, 
the high incidence of resistance and the 
considerable variation that has been noted 
in some biologic properties of the antibiot- 
ics require efforts greater than normal with 
the administration of these drugs to ensure 
effective utilization. Strain sensitivity 
should be determined routinely, and blood 
levels should be monitored periodically. A 
serum plasma level between 4 and 16 fxg 
per ml is usually desired for most amino- 
glycoside antibiotics and most pathogens, 
and dosage regimens should be adjusted 
individually as needed. Renal conditions 
have an unusually profound influence on 
their excretion, which is predominantly by 
glomerular filtration. Renal impairment 
can increase the biologic half-life from 2 or 
3 hours to several days; in such cases, dras- 
tic adjustments in the dosage regimen 
must be made to avoid prolonged high 
serum levels and the associated increased 
risks of toxic reactions. 

The aminoglycoside antibiotics are in- 
dicated only for the treatment of serious 
infections when less toxic antibiotics are 
ineffective or contraindicated. 
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Streptomycin 

Recognition of the therapeutic potential 
of penicillin stimulated an intensive search 
for other antibiotic substances. A special 
objective of these efforts was the discovery 
of antibiotics antagonistic to gram-negative 
bacteria. Streptomycin was isolated from a 
strain of Streptomyces griseus by Waksman 
and coworkers in 1944 after they had noted 
the in-vitro inhibitory effect of metabolites 
of this species on gram-negative bacteria. 

Because streptomycin was the first ami- 
noglycoside antibiotic to be discovered, 
studies of its origin and properties provide 
the basis for much of the curreiit knowl- 
edge about this group of antibiotics. 
Components of streptomycin include 
streptidine and the disaccharide, strepto- 
biosamine, which contains the sugar resi- 
dues, 2-deoxy-2-methylamino-L-glucose 
and streptose. Biosynthetic studies have 
shown that all 3 of these components are 
derived from D-glucose. No definitive in- 
formation is available on the linking of the 
3 components, but it is probably a terminal 
phase of the biosynthetic sequence. De- 
tailed knowledge on the formation of in- 
dividual moieties of aminoglycoside anti- 
biotics is limited, but a general indication 
of the metabolic relationships of glucose to 
the various moieties can be gained from the 
biosynthetic origins of the streptomycin 
components (Fig. 12-22). 

The nephro- and ototoxicities common 
to the aminoglycoside antibiotics are en- 


countered with the systemic use of strep- 
tomycin. The high incidence of hypersen- 
sitivity of streptomycin, even on topical 
contact, is less serious. Hypersensitivity is 
not a major adverse response to amino- 
glycoside antibiotics as a group, and it is 
probably related in this instance to hapten 
formation involving the formyl group of 
the streptose unit in streptomycin. 

The potential toxicity associated with 
systemic use of streptomycin is such that 
the antibiotic is considered for therapeutic 
use only when satisfactory alternatives are 
unavailable. Mycobacterium tuberculosis is 
refractive to most antibiotic therapy, and 
tuberculosis is the major condition requir- 
ing systemic administration for which 
streptomycin is a first-choice antibiotic. In 
treatment of tuberculosis, streptomycin is 
normally combined with ethambutol and 
isoniazid to achieve the best results. Jus- 
tification is lacking for earlier claims that 
dihydrostreptomycin, which can be pre- 
pared fermentatively with S. humidus or 
chemically from streptomycin by catalytic 
reduction of the formyl substituent on the 
streptose unit, could be used with strep- 
tomycin to reduce toxicity. The incidence 
of serious auditory impairment is now rec- 
ognized to be greater with dihydrostrep- 
tomycin than with streptomycin. 

Streptomycin has some value in con- 
trolling Yersinia pestis (plague) and Fraud - 
sella tularensis (tularemia); in such cases, it 
is usually combined with a sulfonamide. 
Combined streptomycin-penicillin and 
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Fig. 12-22. Biosynthesis of components of streptomycin. 


streptomycin-tetracycline therapeutic ap- 
proaches are sometimes indicated in bac- 
terial endocarditis and brucellosis, respec- 
tively. 

The antimicrobial activity of streptomy- 
cin and other aminoglycoside antibiotics is 
significantly greater in slightly alkaline 
conditions than in acidic environments, a 
factor that can be exploited beneficially in 
urinary tract infections. The MIC of strep- 
tomycin for M. tuberculosis is approxi- 
mately 0.5 fxg per ml; many sensitive gram- 
negative bacteria have MICs in the 2 to 4 
M-g per ml range. A 1-g intramuscular dose 
usually gives peak serum levels of 25 to 50 


fxg per ml in 1 to 2 hours; the normal half- 
life is 2.5 to 3 hours. Peak serum levels are 
not as reliable an indicator of potential oto- 
toxicity with streptomycin as are the 24- 
hour levels following daily injections; tox- 
icity risks increase with 24-hour levels 
exceeding 5 pig per ml. Because serum lev- 
els are prolonged in patients with kidney 
impairment, peak serum levels should not 
exceed 20 to 25 |xg per ml in such cases. 

Streptomycin is available in formulations 
of its sulfate salt. The biologic efficacy of 
streptomycin and preparations of this an- 
tibiotic can be measured with Klebsiella 
pneumoniae ATCC No. 10031. The usual in- 
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tramuscular dose is the equivalent of 1 
of streptomycin, once a day. 

Neomycin and Paromomycin 

Neomycin and paromomycin are mix- 
tures of chemically related aminoglycoside 
antibiotics that were isolated, respectively, 
from Streptomyces fradiae in 1949 and S. ri- 
mosus var. paromomycinus in 1959. The an- 
tibiotic molecules contain a 2-deoxystrep- 
tamine unit and 3 sugar residues (Fig. 
12-23). Neomycin is a mixture of at least 3 
antibiotic compounds. Neomycin B is the 
main component of the mixture. Neomycin 
C differs from neomycin B only in the ster- 
eochemistry of the aminomethyl group in 
the aminosugar that is linked to the ribose 
residue. Neomycin A or neamine has only 
a single sugar residue (neosamine C) 
linked to the deoxystreptamine aglycone. 

Paromomycin consists of at least 2 dif- 
ferent antibiotics. These compounds have 
been designated paromomycins I and II, 
and they are analogs of neomycins B and 
C, respectively. Paromomycin I is the major 
component in the mixture, and the parom- 
omycins differ from the neomycins by the 
replacement of one amino group with a 
hydroxyl function. 

These antibiotics are stable, not absorbed 
following oral administration, and have 
the activity spectrum that is generally char- 
acteristic of the aminoglycoside antibiotics. 
Neomycin or other aminoglycoside anti- 
biotics can be taken orally to control intes- 
tinal infections by susceptible organisms or 
for pre- or postoperative reduction of the 
intestinal flora. These antibiotics reduce 
the population of ammonia-forming bac- 
teria in the intestinal tract, and they are 
used as effective adjunctive therapy in he- 
patic coma. 

Oral administration of aminoglycoside 
antibiotics favors the emergence of resist- 
ant strains. Anaerobic bacteria, the major 
component of the bowel flora, are not sen- 
sitive to these antibiotics. Many authorities 
recommend restriction of oral administra- 


g tion to serious conditions and high risk sit- 
uations. 

The MICs for such intestinal pathogens 
as Escherichia coli and Shigella species are 
approximately 8 |xg per ml. Paromomycin 
also has therapeutic utility in treating in- 
testinal amebiasis. Staphylococcus epidermi- 
dis ATCC No. 12228 can be used as a mi- 
crobial test organism for evaluating 
neomycin and paromomycin. 

Neomycin is available in formulations of 
the sulfate salt for oral and topical use. It 
is frequently a component (0.35%) in for- 
mulations for control of topical infections; 
these formulations are usually combina- 
tions of neomycin and such agents as bac- 
itracin or polymyxin B, which discourage 
the emergence of resistant strains. This an- 
tibiotic is used orally for preoperative re- 
duction of the intestinal flora and for con- 
trol of intestinal infections. The usual 
dosage for intestinal infections is the equiv- 
alent of 8.75 mg of neomycin per kg of body 
weight, every 6 hours, for 2 to 3 days. Pre- 
operative use normally involves oral 
administration of 700 mg of neomycin 
every hour for 4 doses, then 700 mg every 
4 hours for the balance of 24 hours. Intra- 
muscular administration of neomycin is re- 
served for hospitalized patients with infec- 
tions by susceptible pathogens for which 
no other antimicrobial agent is effective. 

PRESCRIPTION PRODUCTS. Mycifradin®, 
Neobiotic®. 

Paromomycin is available in formula- 
tions of the sulfate salt for oral administra- 
tion. This antibiotic should be taken with 
meals. The usual dosage regimen is the 
equivalent of 25 to 35 mg of paromomycin 
per kg of body weight daily, taken in 3 
divided doses for 5 to 10 days. 
PRESCRIPTION PRODUCT. Humatin®. 

Kanamycin 

Kanamycin was isolated from Streplo- 
myces kanamyceticus in 1957 and is a mixture 
of at least 3 aminoglycoside antibiotics. 
These antibiotics contain 2 aminosugars 
that are linked individually to a 2-deoxy- 
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Fig. 12-23. Structures of neomycin B and paromomycin I. 


streptamine aglycone. Kanamydn A is the 
major component of the mixture (Fig 
12 - 24 ). 

Kanamydn has an activity spectrum that 
is comparable to the other aminoglycoside 
antibiotics. It is used orally for control of 
infections and for preoperative treatment. 
The coliform bacteria are sensitive to kan- 
amycin, and Proteus species are usually 
more susceptible to it than to the older ami- 


noglycoside antibiotics. MtCs for sensitive 
gram-negative bacilli usually fall in the 4 to 
8 fxg per ml range. Kanamydn can be used 
parenterally for treatment of serious gram- 
negative infections when susceptible 
strains are involved. Emerging resistance 
has become a problem, and amikacin, gen- 
tamicin, and tobramycin have replaced 
kanamydn for systemic treatment of most 
gram-negative pathogens. 



Fig. 12-24. Structures of kanamydn A and amikadn. 
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Kanamycin is available in formulations 
of the sulfate salt for intramuscular, intra- 
venous, and oral use. Staphylococcus aureus 
ATCC No. 29737 is used for microbiologic 
assay of this antibiotic. The usual dose for 
control of intestinal infections is the equiv- 
alent of 1 g of kanamycin, 3 or 4 times a 
day. The usual dosage schedule for pre- 
operative treatment is 1 g every hour for 4 
doses, then 1 g every 6 hours for 36 to 72 
hours. The usual parenteral dosage regi- 
men is up to 15 mg per kg of body weight 
daily, intramuscularly or by intravenous 
infusion, in 2, 3, or 4 divided doses. Intra- 
muscular administration gives peak serum 
levels of approximately 20 pg per ml in 1 
o 2 hours; the normal half-life is between 
and 4 hours. 

PRESCRIPTION PRODUCTS. Kantrex®, 
Clebcil®. 

Gentamicin 

Gentamicin is produced by Micromono- 
por'a purpurea , an actinomycete. The anti- 
biotic mixture used in medicine consists 
primarily of gentamicin Q, C 1A , and C 2 . 
Gentamicin Q is the major component (ap- 
proximately 60%). These antibiotic sub- 
tances contain 2 aminosugar residues and 
a 2-deoxystreptamine unit. Gentamicin is 


inhibitory to pathogenic species of entero- 
bacteria such as Enterobader , Escherichia , 
and Klebsiella and to Proteus and Serratia 
species in lower concentrations (usual 
MIC, 1 to 2 g,g per ml) than other amino- 
glycoside antibiotics, exclusive of tobra- 
mycin. It also has a clinically significant 
activity against Pseudomonas aeruginosa 
(MIC 2 to 8 }xg per ml); combined carben- 
icillin-gentamicin therapy may have special 
utility in controlling systemic Pseudomonas 
infections. Gentamicin is available in for- 
mulations (0.1%) for topical use, but its 
principal use is parenteral for treatment of 
serious gram-negative infections caused by 
sensitive organisms. 

Resistance to gentamicin occurs, but 
cross-resistance with other aminoglycoside 
antibiotics is absent in many clinical situ- 
ations; the lack of cross-resistance is pre- 
sumablv related to R-factor-induced inac- 
tivation involving specific chemical sites 
that are not found in the gentamicin mole- 
cule (e.g., inactivation by adenylation or 
esterification of 3-hydroxyl function of a 
glucosamine moiety). 

Gentamicin is rapidly absorbed on intra- 
muscular administration and is readily dis- 
tributed into various body tissues. Peak 
serum levels are often achieved in less than 
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1 hour, and the normal serum half-life is 
approximately 2 hours. It has been ob- 
served that dosage regimens based arbi- 
trarily on mg per kg of body weight result 
in widely varying plasma levels that may 
be ineffectively low or dangerously high; 
for this reason, monitoring of plasma levels 
and individualization of dosage regimens 
are highly recommended with this anti- 
biotic. The risk of ototoxicity increases 
greatly with prolonged serum levels 
greater than 10 to 12 fig per ml, and trough 
levels above 2 fig per ml should be 
avoided. 

Gentamicin is available as the sulfate 
salt, and the usual adult dose is the equiv- 
alent of 1 mg of gentamicin per kg of body 
weight, intramuscularly or intravenously, 
3 times a day. 

PRESCRIPTION PRODUCTS. Apogen®, Bris- 
tagen®, Garamycin®, Jenamicin®. 

Tobramycin 

Tobramycin or nebramycin factor 6 is 

the single-component antibiotic that is sep- 
arated from the nebramycin complex pro- 
duced by Streptomyces tenebrarius. This an- 
tibiotic substance contains 2 aminosugar 
residues and a 2-deoxystreptamine unit; it 
is structurally related to kanamycin B, dif- 
fering only in the absence of the 3-hydroxyl 
function in the kanosamine residue. 

Tobramycin was approved in mid-1975 
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for general medical use. It has biologic 
properties and clinical indications that are 
similar to those for gentamicin. Tobramy- 
cin may give slightly lower tissue levels 
than gentamicin, and Proteus vulgaris and 
Pseudomonas species are more sensitive in 
vitro to tobramycin; however, these differ- 
ences appear to lack significance in clinical 
situations. 

Tobramycin is available as the sulfate 
salt, and the usual adult dose is the equiv- 
alent of 1 mg of tobramycin per kg ot body 
weight, intramuscularly or intravenously, 
3 times a day. 

PRESCRIPTION PRODUCT. Nebcin®. 
Amikacin 

Amikacin is a semisynthetic aminogly- 
coside antibiotic derived from kanamycin 
A by acylation of the 1-amino group of the 
deoxystreptamine moiety to add an L-( — )- 
4-amino-2-hydroxybutyryl substituent (see 
Fig. 12-24). The terminal amino group in 
this substituent is apparently essential for 
activity; amikacin is active against many 
strains of pathogens that inactivate gen- 
tamicin, tobramycin, and other aminogly- 
coside antibiotics by enzymatic N-acetyla- 
tion. Pathogens resistant to amikacin are 
invariably resistant to other known ami- 
noglycoside antibiotics, a consideration 
that has prompted some authorities to rec- 
ommend its conservative or restricted use. 


(Nebrosamine; 

3-deoxykanosamine) 
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Amikacin is readily absorbed following 
intramuscular administration, and its nor- 
mal serum half-life is approximately 2 
hours. Risks of ototoxicity suggest that the 
peak serum level should not exceed 35 pg 
per ml and that trough levels should not 
exceed 10 pg per ml. A serum level of 8 |xg 
per ml is adequate to exceed the MICs of 
90% of the strains of Escherichia coli, Enter- 
obacter, Klebsiella, and Proteus. Levels of 25 
M-g per ml are required to reach 90% of the 
MICs for strains of Pseudomonas, Serratia, 
and Staphylococcus aureus. 

Amikacin is available as the sulfate salt. 
The usual dosage regimen for patients with 
normal renal function is 15 mg per kg of 
body weight daily, intramuscularly or by 
intravenous infusion, in 2 or 3 divided 
doses for 7 to 10 days. Use of ideal body 
weight is recommended in dosage calcu- 
lation, and heavier patients should not re- 
ceive more than 1.5 g per day. 

PRESCRIPTION PRODUCT. Amikin®. 

Netilmicin 

Netilmicin or N-ethylsisomicin is a 

semisynthetic aminoglycoside antibiotic 
derived from sisomicin, a product of Mi- 
cromonospora inyoensis. It resembles genta- 
micin C 1A chemically. It is effective against 
a number of the gram-negative pathogens 
that are resistant to amika'cin, gentamicin, 
and tobramycin. 

Netilmicin is rapidly distributed in body 


organs and tissues following parenteral 
administration. The normal serum half-life 
is approximately 2 hours. Ototoxicity con- 
siderations suggest that the peak serum 
level should not exceed 16 jig per ml and 
that the trough serum level should not ex- 
ceed 4 pg per ml. Nephrotoxicity appears 
to be less of a consideration than with other 
aminoglycoside antibiotics, and urine con- 
centrations of up to 800 |xg per ml are at- 
tained. It is useful in treating complicated 
urinary tract infections and other serious 
infections caused by susceptible orga- 
nisms. 

Netilmicin is available as the sulfate salt. 
The usual dosage regimen for patients with 
normal renal function is 4 to 6.5 mg per kg 
of lean body weight daily, intramuscularly 
or bv intravenous infusion, in 2 or 3 di- 
vided doses for 7 to 14 days. 

PRESCRIPTION PRODUCT. Netromycin®. 

Spectinomycin 

Spectinomycin is produced by Strepto- 
myces spectabilis and S. flavopersicus. The an- 
tibiotic molecule is a glycoside, but it is not 
technically an aminoglycoside. An ami- 
nocyclitol aglycone is glycosidically linked 
to a neutral deoxysugar. The dry antibiotic 
powder is stable for long periods of time. 

A number of the biologic properties of 
spectinomycin resemble those of the ami- 
noglycoside antibiotics. It is not absorbed 
on oral administration, is excreted after in- 



(N-Ethyl-2-deoxystreptamine) 
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jection in an active form by glomerular fil- 
tration, and acts by inhibiting protein syn- 
thesis through a mechanism involving the 
30S subunit of the 70S ribosomal system. 
Spectinomycin has a broad antibacterial 
spectrum, but its only clinical indication is 
treatment of gonorrhea. Susceptible strains 
of Neisseria gonorrhoeae (MIC range of 7.5 to 
20 per ml) are frequently controlled by 
a single parenteral dose of this antibiotic, 
a feature that is unusually advantageous 
for treatment of a venereal disease. This 
obviates many of the problems related to 
social stigma and mobile patient popula- 
tions. Resistance to spectinomycin is 
known, and concern about facilitating the 
emergence of more resistance prompts 
some authorities to favor restricting the use 
of spectinomycin to cases in which peni- 
cillin is ineffective or contraindicated. 
Cross-resistance between penicillin and 
spectinomycin is unknown. 



Spectinomycin is available as the pen- 
tahydrate of the dihydrochloride salt. The 
usual dose is 2 to 4 g intramuscularly; the 
higher dose is routinely recommended for 
female patients. Peak serum concentra- 
tions of 100 to 160 p.g per ml occur in ap- 
proximately 1 hour, 8-hour serum levels 
are 15 to 30 g.g per ml, and total elimination 
of the antibiotic normally occurs within 48 
hours. The most frequently observed ad- 
verse response is pain at the site of injec- 
tion; dividing the dose between 2 sites, es- 
pecially with higher doses of the antibiotic, 
has reduced this problem. Nephro- and 
ototoxicities have not been reported; this 
may be an inherent property of spectino- 


mycin or it may reflect the short duration 
of the normal therapeutic regimen. 

PRESCRIPTION PRODUCT. Trobicin®. 
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